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CHAPTER I. GENERAL INTRODUCTION 
VARIEGATION 
What is variegation? A broad definition for plant variegation is "any plant which 
develops patches of different colors in the vegetative parts" (Kirk and Tilney-Basset, 1967). 
This general definition includes cases where color patches are caused by infections by plant 
pathogens, mineral nutrient deficiencies, and uneven distribution of anthocyanin pigments. 
However, in this thesis I am interested in variegation defined as the " non-uniform 
development of chlorophyll or related pigments as between plastids, cells or tissues of their 
leaves, bracts, or fruits under normal conditions of nutrition, temperature, and illumination" 
(Kirk and Tilney-Basset, 1967). In the sections below, I will try to group some well-known 
variegation mutants into different categories. It is by no means a full account of all the 
variegated mutants that have been reported; rather it reflects my understanding of this topic 
(reviewed in Rodermel, 2001; Sakamoto, 2003). The mutants will be grouped in four 
categories: variegation mutants caused by nuclear gene mutations that have direct impact on 
the chloroplast; variegation as indirect consequences of nuclear gene mutations; variegation 
induced by mitochondrial mutations; variegation as results of somatic transposon excisions. 
Variegation induced by nuclear gene mutations that directly affect chloroplasts 
var2 and varl 
The Arabidopsis yellow variegated mutant was first isolated by Rédei in the 1950s 
(personal communication with Dr. Steve Rodermel). It was determined in our laboratory that 
this mutant is allelic to another Arabidopsis variegation mutant, varl. var2 was generated by 
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ethyl methane sulphonate (EMS) mutagenesis (Martinez-Zapater, 1993). varl was reported 
together with var2 by Martinez-Zapater (1993) and it was recovered in wild type Arabidopsis 
tissue culture experiments. 
varl and var2 are both caused by nuclear recessive mutations (Martinez-Zapater, 
1993; Chen et al., 1999; Sakamoto et al., 2002). The most striking phenotype of both var2 
and varl is their variegation, i.e., the presence of both green and yellow or white-sectored 
leaves. Cells in the green sectors of both mutants have normal-appearing chloroplasts, while 
plastids in cells of the white sectors are vacuolated, lack organized thylakoid membrane 
structures and contain a large number of plastoglobuli-like bodies (Chen et al., 1999; Takechi 
et al., 2000; Sakamoto et al., 2002). Yet, some cells in the white sectors of these mutants are 
heteroplastidic and contain plastids in various developmental stages, including plastids 
resembling normally-developed chloroplasts, suggesting an incomplete sorting-out of white 
and green plastids (Chen et al., 1999). 
The VAR2 gene was cloned through map-based cloning procedures and it encodes a 
chloroplast homologue of FtsH, an ATP-dependent metalloprotease (Chen et al., 2000). A T-
DNA tagged allele of VAR2 has also been reported (Takechi et al., 2000). VAR2 (also 
designated as AtFtsH2) is predicted to contain two transmembrane-spanning domains in its 
N-terminus and a large C-terminus that contains functional domains for ATP- and metal-
binding (described in details in following sections). Consistent with a membrane localization, 
chloroplast import assays have demonstrated that VAR2 is targeted to thylakoid membranes 
with its large C-terminus facing the stroma (Chen et al., 2000). 
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VAR1 has also been cloned and it encodes another chloroplast FtsH homologue (also 
designated as AtFtsHS) (Sakamoto et al., 2002). Like VAR2, VAR1 is targeted to the 
thylakoid membrane with its C-terminal domains facing the stroma. 
It is worth-noting that cotyledons of both var2 and varl are not variegated. This 
seems to suggest that chloroplast development processes differ between cotyledons and true 
leaves, at least in some aspects. This is in fact not surprising since many aspects of cotyledon 
development have been shown to be distinctive. For example, cotyledons don't have 
trichome structures and they also possess a vascular venation pattern that is different from 
that found in true leaves. 
immutans 
The Arabidopsis immutans (im) mutant was first identified as a light-dependent 
variegation (Redei, 1963). Genetic studies indicated that this mutant behaves in a typical 
Mendelian manner and was caused by a nuclear recessive mutation. Like var2, cells in white 
sectors contain vacuolated plastids that lack organized thylakoid membranes while plastids in 
green sectors appear to have normal chloroplasts. Green chloroplasts can occasionally be 
observed in white sectors, suggesting at least some cells are heteroplastidic. The degree of im 
variegation is strongly dependent on light intensity with more variegation (more white 
sectoring) under high light. Leaf morphogenesis is also affected in im (Aluru et al., 2001): 
palisade cells fail to expand in white sectors while mesophyll cells in green sectors are larger 
than normal, giving rise to leaves that are thicker than those in wild type plants. One 
significant finding of im is that phytoene, a carotenoid biosynthesis intermediate, 
accumulates in white sectors, but not green sectors (Wetzel et al., 1994). This suggests that in 
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the white sectors, the phytoene desaturation reaction (catalyzed by phytoene desaturase 
(PDS)) is blocked due to the lack of IM activity while in the green sectors this reaction can 
proceed without IM. However, IM is not the gene coding for PDS (Wetzel et al., 1994). IM 
was cloned via map based cloning in our lab (Wu et al., 1999) and also through a transposon 
tagging approach (Carol et ai, 1999) and it encodes a chloroplast homologue of the 
mitochondrial inner membrane alternative oxidase (AOX). In mitochondria, AOX transfers 
electrons from ubiquinol to oxygen thus bypassing the cytochrome oxidase pathway. IM is 
thought to occupy a similar position in the chloroplast electron transfer chain and exhibits 
quinol:oxygen oxidoreductase activities (Josse et al., 2000). IM-mediated electron transfer is 
likely coupled with the phytoene desaturation reaction such that when IM is mutated, 
phytoene cannot be desaturated and thus accumulates. However, in green sectors of im, the 
phytoene desaturation process apparently proceeds normally, possibly through an alternative 
pathway. 
var3 
The Arabidopsis variegated 3 mutant was identified in a Ds transposon tagging 
population and it behaves in a nuclear recessive manner (Naested et al., 2004). Mutants have 
normal cotyledons but yellow variegated true leaves, resembling varl and var2. However, 
the degree of variegation decreases as plants age. Similar to immutans, var3 has an impact on 
leaf morphology. The yellow sectors contain very few palisade cells and have rough surfaces. 
It was determined that Ds insertion was responsible for the mutant phenotype and that the 
insertion is in a gene (called VAR3) whose product is targeted to the chloroplast. The VAR3 
protein contains two C2X10C2 zinc-finger domains. It also contains three 50 amino acid 
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repeats in the C-terminus. Between these repeats are two short proline-rich regions. The zinc-
finger domains are thought to be involved in protein-protein interactions, and consistent with 
this, it was demonstrated that VAR3 interacts with AtNCED4 and AtNCEDS. Both 
AtNCED4 and AtNCEDS belong to a family of proteins similar to 9-cis-epoxycarotenoid 
dioxygenase (NCED) that cleaves 9-cis-eopxycarotenoids to form 2-cis,4-trans-xanthoxin 
and eventually the plant hormone abscisic acid (ABA). The exact function of VAR3 and 
mechanism of var3 variegation remain unknown. 
cuel 
cue ( CAB underexpressed) mutants were identified in a genetic screen that aimed at 
isolating positive regulatory components in light signal transduction pathways (Li et al., 
1995). An Arabidopsis null mutant of the alcohol dehydrogenase (ADH) gene was 
transformed with a T-DNA construct pOCAlOS. This construct contains a functional ADH 
gene under the control of the CAB3 (Chlorophyll a/b binding protein) promoter as well as (3-
glucuronidase (GUS) gene fused with the CAB3 promoter. A homozygous transgenic line 
containing this construct was mutagenized with EMS and y-rays. M2 plants were screened 
for reduced CAB3 promoter activities that render lower ADH activities. This is monitored by 
treating the mutant population with allyl alcohol: plants with decreased ADH activities are 
more resistant to the treatment and survive. Initially, two independent lines, cuel and cue2, 
were identified. In cuel, CAB, RBCS (Rubisco small subunit) and PsbA (Photosystem II 
reaction center D1 protein) expression are downregulated but another light-induced gene, 
CHS (Chalcone Synthase), was not affected. Interestingly, cuel possesses a reticulate 
phenotype in that the paraveinal regions of the leaves are dark green and the interveinal 
6 
regions are pale green. This phenotype is very similar to two other non allelic Arabidopsis 
reticulate mutants, dov (differential development of vascular associated cells) and reticulata 
(Kinsman and Pyke, 1998); neither of these genes has been cloned. 
CUE1 was cloned using a T-DNA tagged allele and it encodes a plastid inner 
envelope phosphoenolpyruvate/phosphate translocator (PPT) (Streatfield et al., 1999). PPT in 
plastids is thought to provide phosphoenolpyruvate for the synthesis of aromatic amino acids 
and related phenolic compounds via the shikimate pathway. Consistent with this idea, levels 
of three aromatic amino acids are significantly lower in the cuel mutants and the reticulate 
phenotype can be rescued by feeding all three amino acids together. Plastoquinone (PQ) pool 
size, which also depends on the shikimate pathway, is reduced in cuel and it is also at a more 
reduced redox state. This might provide an explanation for CAB underexpression in cuel 
because overreduction of the PQ pool is associated with the generation of redox signals that 
will lead to the downregulation of CAB expression via poorly defined retrograde (plastid-to-
nucleus) signaling pathways (Escoubas et al., 1995). Additional cue mutants have been 
isolated and their phenotypes range from normal to pale green, virescent and albino (Lôpez-
Juez et al., 1998). Future cloning and characterization of these mutants will give insight into 
retrograde and other light-signaling pathways. 
pale cress 
The Arabidopsis pale cress (pac) mutant was isolated from a T-DNA insertion 
population for its pale green phenotype (Reiter et al., 1994). The mutant is lethal at the 
seedling stage and contains very low levels of both chlorophyll and carotenoids. Plastids in 
the mutant cells contain rudimentary membrane structures. Interestingly, pac also impacts 
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leaf morphology, especially at later developmental stages, inasmuch as mutant palisade cells 
lose their typical shapes and epidermal cells become irregular. This is accompanied by an 
increase in intercellular spaces and uneven leaf thickness, pale cress phenotype was linked to 
an inverted repeat T-DNA insertion and the locus was determined. PAC was shown to be 
able to produce at least three different transcripts, PAC1, PAC2 and PAC3. PAC3 is the 
predominant transcript in light-grown plants and it encodes a protein of 310 amino acids that 
shares low homology with human moesin and related ezrin, radixin, and merlin (ERM). ERM 
proteins are a group of proteins that provide a bridge between cell membrane proteins and the 
cytoskeleton and may be involved in processes such as endocytosis and exocytosis (Bretscher 
et al., 2002). It is worth noting that CAB expression is not down-regulated in the almost 
white mutant tissue. This seems to suggest that the loss of PAC does not trigger the 
retrograde signaling pathway that leads to the reduced CAB expression, for example, when 
non-functional plastids are generated by treating plant with the carotenoid biosynthesis 
inhibitor, Norflurazon. A second allele of pale cress was also reported in a separate T-DNA 
insertional mutant screen (Grevelding et al, 1996). Similar topac-l,pac-2 is mostly white 
and lethal at the seedling stage, but green sectors containing green chloroplasts can develop. 
The phytohormone cytokinin can also induce greening in the mutant. 
th£ 
The Arabidopsis thylakoid formation 1 (thfl) was identified through analyses of a T-
DNA tagged mutant of an Arabidopsis gene that is a homologue of a light-regulated potato 
gene (Wang et al., 2004). Thfl is a single copy gene in Arabidopsis and its protein products 
can be imported into chloroplasts and are localized in both stroma and thylakoids. 
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Interestingly, a T-DNA knock-out line of Thfl showed yellow variegation similar to that of 
var2. While cells in yellow sectors contain plastids that lack thylakoids, cells in green sectors 
contain normal thylakoid membranes, although the degree of thylakoid stacking is reduced 
compared with wild type chloroplasts. It is proposed that Thfl may be involved in vesicle-
mediated thylakoid membrane formation process and that compensating activities may exist 
that facilitate the formation of green sectors (Wang et al., 2004). 
vdl 
The recessive tobacco mutant vdl (variegated and distorted leaf) mutant was 
recovered in a population of T-DNA-tagged tobacco plants (Wang et al., 2000). Mutant 
plants show various degrees of variegation and white sectors are distorted in shape. Palisade 
mesophyll cells cannot be distinguished in white sectors, suggesting the loss of VDL also 
affects leaf development. Electron microscopy revealed that, like most variegation mutants, 
plastids in green sectors resemble wild type chloroplasts whereas white sectors contain 
vacuolated plastids that lack thylakoid membranes. The VDL locus was cloned and it was 
found that at lease three different mRNAs can be transcribed from the gene. All three share a 
common 5' sequence. The longest transcript contains an open reading frame (ORE) for a 
putative DEAD box RNA helicase that is targeted into chloroplasts. The DEAD box 
helicases are ATP-dependent enzymes that unwind RNA: RNA or RNA: DNA duplexes and 
are important in various cellular processes including RNA stability and RNA processing 
(Luking et al., 1998). Because tobacco is an amphitetraploid species, two wild type copies of 
the VDL gene exist in the genome. It was proposed that the second VDL ' gene can provide 
limited complementing activities that would give rise to the variegation phenotype. 
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ioiap 
The maize iojap mutant has been the subject of extensive studies since it was first 
reported over 75 years ago (Jenkins, 1924). It is a classic example of a nuclear gene mutation 
that leads to chloroplast defects in a maternally-inherited, non-Mendelian fashion, ij mutants 
show extensive striping in leaves, especially at the leaf margins. Plastids in the white stripes 
contain few internal membranes and lack ribosomes. The IOJAP gene was cloned by a 
transposon tagging approach (Han et al., 1992). The IOJAP protein contains 229 amino acids 
and it does not share significant similarity with any protein in the databases. It was later 
reported that IOJAP might be associated with chloroplast 50S ribosomal proteins (Han and 
Martienssen, 1995). This seems to suggest that Iojap is involved in the normal functioning of 
70S ribosomes in chloroplasts. However, why the lack of IOJAP protein leads to variegation 
is still unclear. 
Variegation induced by nuclear gene mutations that indirectly affect chloroplasts 
chloroplast mutator 
The Arabidopsis chm variegation mutant was first characterized as a maternally-
inherited leaf variegation mutant induced by a nuclear mutation (Redei, 1973). Its mode of 
inheritance is identical to that of iojap discussed above. The chm mutation causes the 
appearance of additional mitochondrial restriction fragments, as revealed by Southern 
blotting (Martinez-Zapater et al., 1992). It was proposed that these additional fragments 
represent new subgenomic molecules in the mutant mitochondrial genomes. The CHM gene 
was cloned via map-based methods and it encodes a mitochondrial homologue of MutS 
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(Abdelnoor et al., 2003). In E. coli, MutS, along with MutH and MutL, forms a DNA 
mismatch repair system that recognizes and corrects DNA mismatches in both the DNA 
replication and recombination processes (Modrich and Lahue, 1996). Because mutation of 
CHM in Arabidopsis results in the amplification of mitochondrial subgenomic DNA 
molecules, it was suggested that through either replication or recombination events, CHM 
regulates the copy number of substoichiometric intermediates through replication or 
recombination events, and that mutation of CHM causes substoichiometric shifting to occur. 
However, it is still unclear why changes in mitochondrial DNA cause chloroplast dysfunction 
and the leaf variegation phenotype. However, as discussed below, it is reasonable to assume 
that extensive crosstalk exists between chloroplasts and mitochondria, and that this might 
explain the chm phenotype. 
Variegation induced by mitochondrial gene mutations that indirectly affect chloroplasts 
nonchromosomal stripe 
nonchromosomal stripe (NCS) are a group of maternally-inherited maize mutants that 
show a pale green striping phenotype. They provide valuable materials for studying both 
nuclear-mitochondria interactions and mitochondria-plastid interactions. To date, three 
different groups of NCS mutants have been characterized. The NCS2 mutant has a truncated 
NAD4 gene which encodes NAD4 subunit of the mitochondrial complex I 
NADH ^ ubiquinone oxidoreductase (Marienfeld and Newton, 1994). NCS3 and NCS4 are 
different mutant alleles of the gene encoding mitochondrial RPS3 ribosomal proteins. These 
mutants are thus impaired in mitochondrial protein synthesis (Hunt and Newton, 1991). 
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NCS5 and NCS6 have different lesions in the COX2 gene, encoding the COX2 subunit of 
complex IV, cytochrome oxidase (Newton et al., 1990; Lauer et al., 1990). 
AOX genes were induced dramatically in the various NCS mutants, consistent with 
the concept of retrograde gene regulation (Karpova et al., 2002). What is interesting is that 
different members of the maize AOX gene family are induced in different mutants: A0X2 is 
induced in NCS2, A 0X3 is induced in NCS6, and in NCS4 both A 0X2 and A 0X3 are induced. 
Differential AOX induction was also observed when maize mitochondria were treated with 
electron transport inhibitors at different sites of the mitochondrial electron transfer chain like 
antimycin A, rotenone and KCN (Karpova et ai, 2002). Antimycin A inhibits complex III 
and induces AOX1, AOX2 and AOX3. Rotenone, on the other hand, inhibits complex I, and 
similar to the complex I mutant NCS2, induces mainly AOX2. Finally KCN, which inhibits 
complex IV, mimics the complex IV mutant NCS6 and induces AOX3. This result suggests 
that different signals are generated upon inhibition or mutation at various sites of the 
mitochondrial electron transfer chain, resulting in AOX differential expression. The 
physiological significance of this differential AOX induction is still largely unknown, but 
may be due to different mechanisms of retrograde regulation. 
Variegation induced by transposon excisions 
del 
The del (defective chloroplasts and leaves) variegation mutant was identified in a 
population of tomato plants in a Ds transposon mutagenesis screen (Keddie et al., 1996). The 
variegation of del was induced by somatic excision of the Ds element due to the presence of 
both Ds and Ac elements in mutant plants. The white sectors are thus mutant and the green 
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sectors are revertant tissues. Like immutans, del causes abnormalities in leaf morphogenesis. 
White sector leaves are thinner than wild type and green revertant sectors and do not contain 
organized palisade mesophyll. Plastids in white sectors have irregular shapes and lack 
organized membrane structures. The DCL gene was cloned and it encodes an unknown 
protein. However, the DCL protein is located in chloroplasts and DCL expression appears to 
be ubiquitous. In tomato, DCL is a single copy gene. It was later determined that chloroplast 
4.5S rRNA processing is affect by the mutation of DCL (Bellaoui et al., 2003). 16S rRNA 
and 5S rRNA appear normal in mutant tissues while 23S rRNA is affected in a minor way. 
Polysome assembly is also abnormal in mutants, presumably due to 4.5S rRNA mis-
processing. This defect in 4.5S rRNA processing was also observed from Arabidopsis 
mutants in which AtDCL gene was down-regulated by antisense strategy, suggesting DCL 
functions are conserved in the two plant species (Bellaoui and Gruissem, 2004). 
dag. 
The dag (differentiation and greening) variegation mutant was recovered in a 
snapdragon (Antirrhinum majus) population containing an active copy of the Tam3 
transposon (Chatterjee et al., 1996). The mechanism of variegation is similar to that of del, 
with green sectors containing wild type cells after somatic transposon excision. Leaf 
morphology is also affected in the dag mutant, with the green revertant sectors having thicker 
leaves than the white sectors, due to a failure of palisade cell expansion. In addition, the 
plastids in the white sectors are smaller than normal and lack thylakoid membranes. The dag 
mutant is also affected in etioplast development, suggesting that DAG is involved in both 
light and dark development of plastids. DAG encodes a novel chloroplast-located protein that 
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is not homologous to DCL discussed above. It is interesting that, unlike DCL, DAG is 
apparently a member of a gene family in snapdragon. One Arabidopsis DAL (DAG-jike) 
gene was identified in two independent mutant screens (Babiychuk et al., 1997; Bisanz et al., 
2003). Arabidopsis DAL shows about 40% homology with snapdragon DAG. The mutant 
plants only survive on sucrose media and are sterile. The mutant shows similar plastid 
phenotype as dag and DAL is also imported into chloroplasts (Bisanz et al., 2003). 
Interestingly, chloroplast rRNA processing is also altered in mutants. Precursor rRNA 
species are accumulating in mutants for both 16S rRNA and 23S rRNA. It was thus 
suggested that DAL is required for plastid rRNA maturation (Bisanz et al., 2003). 
AAA PROTEIN FAMILY AND FTSH 
AAA protein family 
The AAA (ATPases associated with diverse cellular activities) protein family 
includes a wide variety of proteins, and as indicated by the name of the family, these proteins 
are involved in various aspects of cellular function (Patel and Latterich, 1998). Members of 
the AAA protein family contain one (type I) or two (type II) highly conserved ATP binding 
domains (AAA cassettes) of about 220-250 amino acids (Beyer, 1997). Two motifs are 
extremely conserved within the AAA cassette and they are Walker box A (P-loop) and 
Walker box B (Walker et al., 1982). A second region of homogy (SRH) in the cassette 
distinguishes members of the AAA family from the more general Walker A/GTPases 
superfamily. Members of the AAA family can be grouped into several categories based on 
their functions. 
Membrane fusion 
Within this group is the well-studied NSF (N-Ethylmaleimide-sensitive factor). NSF 
and its yeast homologue SeclSp are involved in membrane fusion processes such as vesicle-
mediated transport (Novick and Schekman, 1979; Block et al., 1988). In these events, NSF 
binds to a-SNAP (soluble NSF attachment protein; Secl7p in yeast) and SNAREs (SNAP 
receptors) (Woodman, 1997). With the energy released from ATP hydrolysis, NSF can 
dissociate SNARE complexes and recycle SNARE for subsequent rounds of fusion 
(Ungermann et al., 1998). NSF contains two AAA cassettes, D1 and D2. It is thus a type II 
AAA protein. D1 is involved in ATP hydrolysis and SNARE disassembly, while D2 is 
important for NSF oligomer formation (Matveeva et al., 1997). Another member of this 
group is the mouse p97 protein (Cdc48p in yeast), which is involved in endoplasmic 
reticulum and Golgi apparatus membrane reassembly after mitosis (Rabouille et al., 1995). 
P97 functions in a similar manner to NSF in that it also requires an adaptor protein, p47 
(Kondo et al., 1997). 
26S proteasome subunits 
The 26S proteasome is a large protein complex that selectively degrades proteins 
targeted for destruction by the ubiquitin pathway (Coux et al., 1996). It contains a 20S core 
catalytic particle and a 19S regulatory particle. The 19S particle can be divided into a base 
and a lid with the base in close association with the 20S core particle. Six AAA proteins are 
part of this 19S base (Dubiel et al, 1995). It is hypothesized that these six proteins unfold 
substrate proteins to facilitate their degradation by the core particle. It is interesting that 
mutations of individual AAA protein gave rise to different mutant phenotypes, suggesting 
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that they may not be redundant and have specific roles in protein degradation (Patel and 
Latterich, 1998). 
Peroxisome biogenesis 
Among many factors called peroxins that are important for peroxisome biogenesis, 
two proteins, Pexlp and Pex6p are AAA proteins. Mutations of peroxins lead to peroxisome 
disorders and they are frequently linked with human diseases (Reuber et al., 1997). Pexlp 
and Pex6p physically interact with each other and are likely involved in both early and late 
stages of peroxisome biogenesis (Birschmann et al., 2005). 
Metal-dependent protease 
FtsH belongs to this group of AAA proteins and it represents a distinct group of ATP-
dependent proteases. ATP-dependent proteolysis requires the unfolding of substrate proteins 
and subsequent degradation. These two processes are often carried out by different proteins. 
In the case of the 26S proteasome mentioned above, the 19S regulatory particle is responsible 
for unfolding, while the 20S core particle is responsible for degradation. However, for FtsH, 
both the ATPase domain and catalytic domain reside in a single membrane localized protein. 
The best characterized FtsH is E. coli FtsH, whose functions will be discussed in next 
section. 
FtsH homologues in yeast have also been the subject of extensive research. In yeast 
mitochondria, there are three FtsH-like proteins: Ytal Op, Ytal lp and Ytal2p (Thorsness et 
al., 1993; Arlt et al., 1996; Weber et al., 1996). Ytal lp, also known as Ymel, is part of the 
intermembrane AAA protese (i-AAA) with its catalytic C-terminus facing the mitochondrial 
intermembrane space. YtalOp and Ytal2p form the matrix AAA (m-AAA) protease with 
catalytic domains located in the mitochondrial matrix. m-AAA protease is required for the 
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assembly of the mitochondrial respiratory and ATP synthase complexes and it degrades 
unassembled membrane polypeptides. Chaperone-like activities have been suggested for all 
three mitochondrial FtsH proteins (Arlt et al., 1996; Leonhard et ai, 1999). 
Mitochondrial homologues of FtsH have been identified in higher plants, although 
little is known about the mitochondrial proteins (Kolodziejczak et al., 2002). Cyanobacterial 
and higher plant chloroplast FtsH proteins will be discussed later. 
Others 
This group of AAA protein includes katanin, which is involved in microtubule 
severing (McNally and Vale, 1993), and Vps4, which is important for transport from the 
endosome to the vacuole (Babst et al., 1997). Also included in this group are proteins that 
contain the conserved AAA cassette but whose functions are not well characterized. 
FtsH functions in E. coli 
The Escherichia coli Y16 ftsH mutant was first reported by Santos and de Almeida 
(1975) in their effort to isolate cell division mutants. The mutant cells fail to divide when the 
growing temperature is shifted from 30°C to 42°C, thus forming filamentous cells. The 
mutant also can't form colonies at 42°C. The thermosensitive filamentation phenotype can be 
rescued by the overexpression of penicillin-binding protein 3 (PBP3) encoded by FtsI gene in 
E. coli (Ferreira et al., 1987). PBP3 is a membrane transglycosylase-transpeptidase enzyme 
involved in the septum formation and cell division process in E. coli. In ftsH mutants, PBP3 
fails to accumulate in plasma membranes at 42°C but FtsI transcription and translation are 
not impaired (Ogura et al., 1991), suggesting FtsH might be responsible for the stability or 
membrane integration of PBP3. However, it was later determined that the original ftsH 
mutant Y16 in fact contains two mutations. One mutation, located in ftsl gene, is responsible 
for the thermosensitive filamentation due to the loss of PBP3 protein, while the second 
mutation located in ftsH gene, is responsible for the thermosensitive colony formation (Begg 
et al, 1992). The E. coli FtsH gene was cloned and it encodes a membrane protein of 644 
amino acid residues that bears high sequence homology with the yeast Saccharomyces 
cerevisiae SeclSp and its mammalian homologue NSF (Ogura et al., 1991; Tomoyasu et al, 
1993a). All three proteins contain a highly conserved ATP-binding domain of about 200 
amino acids that was discussed previously in the introduction. The E. coli FtsH protein also 
contains two N-terminus transmembrane domains. Using various techniques including 
immunoelectron microscopy, FtsH was found to be localized in the plasma membrane with 
its C-terminus facing the cytoplasm and its N-terminus spanning the cytoplasmic membrane 
twice (Tomoyasu et al., 1993b). 
FtsH has been also identified in various other genetic screens that targeted different 
aspects of E. coli growth and FtsH substrates participate in a wide range of cellular activities. 
First, FtsH has been implicated in the X phage-mediated lysis and lysogeny process. It 
is well established that one X protein, ell, is a critical regulator of balance between lysis and 
lysogeny. High levels of ell promote lysogeny and low levels favor lysis. E. coli mutants that 
show different frequencies of lysis and lysogeny upon phage infection were identified (Wulff 
and Rosenberg, 1983). One such mutant, hflB (high frequency of lysogenization) was 
identified that has an elevated ell level. It was determined that hflB is the same gene as fis H 
(Herman et al, 1993). It has been proposed that FtsH can either directly act on cil as a 
protease or act in a proteolytic pathway that regulates ell protein accumulation. In a second 
genetic screen, a mutation mrsC505 (mRNA stability) was identified in which mRNA half-
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life was increased (Granger et al., 1998), suggesting its involvement in regulating mRNA 
decay in E. coli. mrsC505 was cloned and it was found to be identical to ftsH/hflB (Wang et 
al., 1998). It was determined that mrsC uses a UUG translation start codon, which might 
serve to reduce mrsC expression under normal growth conditions (Wang et al., 1998). A 
third E. coli gene, tolZ ('tolerance'), which was isolated because it is resistant to the toxin 
colicin, was also found to be allelic to ftsH (Qu et al., 1996). 
In E. coli, FtsH forms complexes in the plasma membrane, possibly a homo-hexamer 
structure (Akiyama et al., 1995). This is consistent with the fact that most AAA proteins 
form complexes and hexamer is a common form (Patel and Latterich, 1998). Subsequently it 
was determined that HflKC, a protein complex located in the plasma membrane, can also 
form complexes with FtsH and regulate FtsH activity negatively (Kihara et al., 1996). It was 
suggested that the N-terminal transmembrane domain and periplasmic domain are important 
in FtsH complex formation (Akiyama et al., 1998; Akiyama and Ito, 2000). However, there 
are also data suggesting the AAA cassette region is capable of complex formation, as 
revealed by three dimension structure studies (Krzywda et al, 2002; Niwa et al., 2002). This 
seems to suggest that both N-terminal transmembrane domains and the ATP binding domain 
are important for complex formation. 
Identification of the substrates of FtsH in E. coli has been the focus of extensive 
studies and FtsH has been shown to be able to degrade a wide variety of proteins. Among the 
substrates are heat shock response RNA polymerase sigma factor, a32 (Tomoyasu et al., 
1995); uncomplexed subunit a of the proton ATPase Fo complex (Akiyama et al., 1996); 
uncomplexed Sec Y subunit of protein translocase (Kihara et al., 1995); lipopolysaccharide 
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biosynthesis enzyme LpxC (Ogura et al., 1999); phage cil, cIII and Xis proteins (Herman et 
al., 1997; Shetland et al., 1997; Leffers et al., 1998). 
Higher plant FtsH 
FtsH was first identified in higher plants when an E. coli FtsH antibody against a 
peptide of 16 amino acids that is highly conserved among FtsH proteins was used in western 
immunoblotting experiments in spinach (Lindahl et al., 1996). A signal of about 78 kDa that 
corresponds to the expected size of FtsH was detected in intact chloroplasts and thylakoid 
membrane fractions but not in the stroma fraction. Further experiments confirmed that indeed 
FtsH is localized in the thylakoid membrane. An FtsH-\ike cDNA was subsequently isolated 
from Arabidopsis (designated AtFtsHl). It contains all three signatures of a FtsH protein, as 
well as a chloroplast targeting signal (Lindahl et al., 1996). With the completion of various 
genome-sequencing projects, FtsH genes have been found in all prokaryotic and eukaryotic 
photosynthetic organisms examined. For completed genomes, the cyanobacterium 
Synechocystis sp. PCC 6803 contains four FtsH genes (Kaneko et al., 1996); at least nine 
FtsH genes are present in the monocotyledonous rice genome (Yu et al., 2005); and in 
dicotyledonous Arabidopsis thaliana there are 12 FtsH genes (Sokolenko et al., 2002; 
Sakamoto et al., 2003; Yu et al., 2004). One striking feature of Arabidopsis FtsH genes is the 
existence of highly conserved gene pairs. Of the 12 Arabidopsis FtsH genes, eight comprise 
four highly-conserved gene pairs (AtFtsHl/5, AtFtsH2/8, AtFtsH3/10, AtFtsH7/9) (Sakamoto 
et al., 2003; Yu et al., 2004), while AtFtsH4 and AtFtsHl 1 are also related to a much lesser 
degree. All Arabidopsis FtsH gent products are targeted into various organelles. Nine of the 
12 FtsH gene products are located in chloroplasts (AtFtsH 1/2/5/6/7/8/9/11/12) and three are 
targeted to mitochondria (AtFtsH3/4/10) (Chen et al., 2000; Sakamoto et al., 2002; Sakamoto 
et al., 2003; Yu et al., 2004). 
Phylogenetic comparisons of the structures and protein sequences of rice and 
Arabidopsis FtsH genes revealed that a "core" complement of FtsH genes existed before the 
monocot/dicot divergence (Yu et al., 2005). The subsequent evolution of these genes was 
characterized by extensive gene duplication, especially in Arabidopsis (Vision et al., 2000). 
FtsH functions in plants 
As discussed above, E. coli FtsH has both chaperone and protease activities and it is 
involved in the degradation of a variety of protein substrates (Suzuki et ai, 1997). However, 
only fragmentary information is available regarding FtsH function in higher plants. FtsH 
appears to be involved in the degradation of unassembled cytochrome b&f Rieske FeS 
proteins in thylakoid membranes (Ostersetzer and Adam, 1997). When in-vitro translated 
Rieske protein was imported into chloroplasts, a portion of the protein underwent 
degradation by a thylakoid membrane protease activity. This protease activity was dependent 
on zinc and also was inhibited by the addition of FtsH antibody, suggesting the participation 
of FtsH. FtsH has also been reported to be involved in the TV-gene-mediated hypersensitive 
reaction against tobacco mosaic virus infection in tobacco (Seo et al., 2000). After tobacco 
leaves were inoculated with TMV at 30°C and subsequently shifted to 20°C, DS9 transcripts 
were found to decrease dramatically in abundance. The nuclear resistance gene, N, was 
required for this decrease. DS9 shares high homology with both E. coli and plant FtsH and it 
is also localized to thylakoid membranes. It was proposed that a decrease of DS9 would lead 
21 
to chloroplast defects and that would promote the formation of necrotic leaf lesions and 
hypersensitive reactions that prevent the spread of virus. 
Another function of FtsH might be in membrane fusion and/or translocation events. 
This inference is based on the homology of FtsH to the pepper Pftf (Plastid fusion and/or 
translocation factor) protein (Hugueney et al., 1995). FtsH has also been implicated in the 
early phytochrome A-mediated signaling pathways (Tepperman et ai, 2001). In these 
studies, FtsH was identified in a microarray study that monitored transcript changes 
following illumination of etiolated Arabidopsis seedlings with far-red light. AtFtsHl was 
identified, along with some other photosynthesis and chloroplast genes such as phytoene 
synthase, CAB and magnesium chelatase subunit, as induced by far-red light during the early 
stages of chloroplast biogenesis. 
The best characterized function of FtsH in plants is its involvement in chloroplast 
photosystem II (PSII) photodamage and repair (Nixon et al., 2005). It is well documented 
that the D1 reaction center protein of PSII is the frequent target of reactive oxygen species 
(ROS) formed during photosynthesis, and that plants have evolved a variety of mechanisms 
to limit photodamage and photoinhibition including D1 turn-over where photodamaged D1 is 
degraded and replaced by a newly-synthesized copy. Evidence that FtsH is involved in the 
D1 turnover process was first reported by Lindahl et al. (2000) focusing on the degradation 
of 23kD D1 fragment. They demonstrated that after high light treatment, the 23kD fragment 
accumulates and that degradation of this fragment is stimulated by ATP. E. coli expressed 
AtFtsHl can also facilitate the degradation of the fragment. It is now thought that turnover is 
a two-step process: the photodamaged D1 protein (~32 kD) is cleaved by DegP2, a serine 
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protease, into a 23kDa fragment and an ~9 kD fragment (Haufiuhl et al., 2001), then the 23 
kD fragment is degraded by AtFtsHl. 
In addition to AtFtsHl, AtFtsH2 and AtFtsHS might be involved in D1 turnover 
inasmuch as var2 and varl are more prone to PSII photoinhibition, and the D1 degradation 
process is impaired in var2 (Bailey et al., 2002; Sakamoto et al., 2002). Interestingly, an 
insertional mutant of slr0228, one of the four FtsH genes in Synechocystis, exhibits impaired 
D1 turnover, suggesting that involvement of FtsH in D1 turnover is conserved in both 
prokaryotic and eukaryotic photosynthetic organisms (Silva et al., 2003). However, the same 
mutant also shows a significant reduction in the amount of photosystem I, something not 
seen in the higher plant AtFtsH mutants (Mann et al., 2000). This reduction might be a 
secondary effect of impaired D1 turnover, or it might suggest that, at least in Synechocystis, 
FtsH has a more general role in the maintenance of photosynthetic membranes. 
REFERENCES 
Abdelnoor RV, Yule R, Elo A, Christensen AC, Meyer-Gauen G, Mackenzie SA. 2003. 
Substoichiometric shifting in the plant mitochondrial genome is influenced by a gene 
homologous to MutS. Proc Natl Acad Sci USA 100: 5968-5973 
Akiyama Y, Ito K. 2000. Roles of multimerization and membrane association in the 
proteolytic functions of FtsH (HflB). EMBOJ19: 3888-3895 
Akiyama Y, Kihara A, Ito K. 1996. Subunit a of proton ATPase F0 sector is a substrate of 
the FtsH protease in Escherichia coli. FEBS Lett 399: 26-28 
Akiyama Y, Kihara A, Mori H, Ogura T, Ito K. 1998. Roles of the Periplasmic Domian 
of Escherichia coli FtsH (HflB) in Protein Interactions and Activity Modulation. J Biol 
Chem 273: 22326-22333 
Akiyama Y, Yoshihisa T, Ito K. 1995. FtsH, a Membrane-bound ATPase, Forms a 
Complex in the Cytoplasmic Membrane of Escherichia coli. J Biol Chem 270: 23485-
23490 
Aluru M, Bae H, Wu D, Rodermel S. 2001. The Arabidopsis immutans mutation affects 
plastid differentiation and the morphogenesis of white and green sectors in variegated 
plants. Plant Physiol 127: 67-77 
Arlt H, Tauer R, Feldmann H, Neupert W, Langer T. 1996. The YTA 10-12 Complex, 
and AAA Protease with Chaperone-like Activity in the Inner Membrane of 
Mitochondria. Cell 85: 875-885 
Babichuk E, Fuangthong M, Van Montagu M, Inze D, Kushnir S. 1997. Efficient gene 
tagging in Arabidopsis thaliana using a gene trap approach. Proc Natl Acad Sci USA 
94: 12722-12727 
Babst M, Sato TK, Banta LM, Emr SD 1997. Endosomal transport function in yeast 
requires a novel AAA-type ATPase, Vps4p. EMBO J16: 1820-1831 
Bailey S, Thompson E, Nixon PJ, Horton P, Mullineaux CW, Robinson C, Mann NH. 
2002. A critical role for the Var2 FtsH homologue of Arabidopsis thaliana in the 
photosystem II repair cycle in vivo. J Biol Chem 277: 2006-2011 
Begg KJ, Tomoyasu T, Donachie WD, Khattar M, Niki H, Yamanaka K, Hiraga S, 
Ogura T. 1992. Escherichia coli Mutant Y16 Is a Double Mutant Carrying 
Thermosensitive ftsH and ftsl Mutations. JBacteriol 174: 2416-2417 
24 
Bellaoui M, Gruissem W. 2004. Altered expression of the Arabidopsis ortholog of DCL 
affects normal plant development. Planta 219: 819-826 
Bellaoui M, Keddie J, Gruissem W. 2003. DCL is a plant-specific protein required for 
plastid ribosomal RNA processing and embryo development. Plant Mol Biol 53: 531-
543 
Beyer A. 1997. Sequence analysis of the AAA protein family. Protein Sci 6: 2043-2058 
Birschmann I, Rosenkranz K, Erdmann R, Kunau WH. 2005. Structural and functional 
analysis of the interaction of the AAA-peroxins Pexlp and Pex6p. FEBS J 272: 47-58 
Bisanz C, Bégot L, Carol P, Perez P, Bligny M, Pesey H, Gallois J-L, Lerbs-Mache S, 
Mache R. 2003. The Arabidopsis nuclear DAL gene encodes a chloroplast protein 
which is required for the maturation of the plastid ribosomal RNAs and is essential for 
chloroplast differentiation. Plant Mol Biol 51: 651-663 
Block MR, Glick BS, Wilcox CA, Wieland FT, Rothman JE. 1988. Purification of an N-
ethylmaleimide-sensitive protein catalyzing vesicular transport. Proc Natl Acad Sci 
USA 85: 7852-7856 
Bretscher A, Edwards K, Fehon RG. 2002. ERM PROTEINS AND MERLIN: 
INTEGRATORS AT THE CELL CORTEX. Nat Rev Mol Cell Biol 3: 586-599 
Carol P, Stevenson D, Bisanz C, Breitenbach J, Sandmann G, Mache R, Coupland G, 
Kuntz M. 1999. Mutations in the Arabidopsis gene IMMUTANS cause a variegated 
phenotype by inactivating a chloroplast terminal oxidase associated with phytoene 
desaturation. Plant Cell 11: 57-68 
25 
Chatterjee M, Sparvoli S, Edmunds C, Garosi P, Findlay K, Martin C. 1996. DAG, a 
gene required for chloroplast differentiation and palisade development in Antirrhinum 
majus. EMBO J15: 4194-4207 
Chen M, Choi Y, Voytas DF, Rodermel SR. 2000. Mutations in the Arabidopsis VAR2 
locus cause leaf variegation due to the loss of a chloroplast FtsH protease. Plant J 22: 
303-313 
Chen M, Jensen M, Rodermel SR. 1999. The yellow variegated mutant of Arabidopsis is 
plastid autonomous and delayed in chloroplast biogenesis. JHered 90: 207-214 
Coux O, Tanaka K, Goldberg AL. 1996. Structure and Functions of the 20S and 26S 
Proteasomes. Annu Rev Biochem 65: 801-847 
Dubiel W, Ferrell K, Rechsteiner M. 1995. Subunits of the regulatory complex of the 26S 
protease. Mol Biol Rep 21: 27-34 
Escoubas JM, Lomas M, LaRoche J, Falkowski PG. 1995. Light intensity regulation of 
cab gene transcription is signaled by the redox state of the plastoquinone pool. Proc 
Natl Acad Sci USA 92: 10237-10241 
Ferreira LCS, Keck W, Betzner A, Schwarz U. 1987. In Vivo Cell Division Gene Product 
Interactions in Escherichia coli K-12. JBacteriol 169: 5776-5781 
Granger LL, O'Hara EB, Wang R, Meffen FY, Armstrong K, Yancey SD, Babitzke P, 
Kusher SR. 1998. The Escherichia coli mrsC Gene is Required for Cell Growth and 
mRNA Decay. J Bacteriol 180: 1920-1928 
Grevelding C, Suter-Crazzolara C, von Menges A, Kemper E, Masterson R, Schell J, 
Reiss B. 1996. Characterisation of a new allele of pale cress and its role in greening in 
Arabidopsis thaliana. Mol Gen Genet 251: 532-541 
26 
Han C.-D, Coe EH, Martienssen RA. 1992. Molecular cloning and characterization of 
iojap (ij), a pattern striping gene of maize. EMBO J11: 4037-4046 
Han C.-D, Martienssen RA. 1995. The iojap protein (IJ) is associated with 50S chloroplast 
ribosomal subunits. Maize Coop. Newsletter 69: 32 
Hau(3uhl K, Andersson B, Adamska 1.2001. A chloroplast DegP2 protease performs the 
primary cleavage of the photodamaged D1 protein in plant PSII. EMBO J 20: 713-722 
Herman C, Ogura T, Tomoyasu T, Hiraga S, Akiyama Y, Ito K, Thomas R, D'Ari R, 
Bouloc P. 1993. Cell growth and phage development controlled by the same essential 
Escherichia coli gene, ftsH/hflB. Proc Natl Acad Sci USA 90: 10861-10865 
Herman C, Thévenet D, D'Ari R. Bouloc P. 1997. The HflB protease of Escherichia coli 
degrades its inhibitor X cIII. J Bacteriol 179: 358-363 
Hugueney P, Bouvier F, Badillo A, D'Harlingue A, Kuntz M, Camara B. 1995. 
Identification of a plastid protein involved in vesicle fusion and/or membrane protein 
translocation. Proc Natl Acad Sci USA 92: 5630-5634 
Hunt MD, Newton KJ. 1991. The NCS3 mutation: genetic evidence for the expression of 
ribosomal protein genes in Zea mays mitochondria. EMBO J10: 1045-1052 
Jenkins MT. 1924. Heritable characters of Maize. XX. Iojap-striping, a chlorophyll defect. 
JHered 15: 467-472 
Josse EM, Simkin AJ, Gaffe J, Laboure AM, Kuntz M, Carol P. 2000. A plastid terminal 
oxidase associated with carotenoid desaturation during chromoplast differentiation. 
Plant Physiol 123: 1427-1436 
Kaneko T, Sato S, Kotani H, Tanaka A, Asamizu E et al. 1996. Sequence analysis of the 
genome of the unicellular cyanobacterium Synechocystis sp. strain PCC6803. II. 
27 
Sequence determination of the entire genome and assignment of potential protein-
coding regions. DNA Research 3: 109-136 
Karpova OV, Kuzmin EV, Elthon TE, Newton KJ. 2002. Differential Expression of 
Alternative Oxidase Genes in Maize Mitochondrial Mutants. Plant Cell 14: 3271-3284 
Keddie JS, Carroll B, Jones JDG, Gruissem W. 1996. The DCL gene of tomato is 
required for chloroplast development and palisade cell morphogenesis in leaves. EMBO 
J15: 4208-4217 
Kihara A, Akiyama Y, Ito K. 1995. FtsH is required for proteolytic elimination of 
uncomplexed forms of SecY, an essential protein translocase subunit. Proc Natl Acad 
Sci USA 92: 4532-4536 
Kihara A, Akiyama Y, Ito K. 1996. A protease complex in the Escherichia coli plasma 
membrane: HflKC (HflA) forms a complex with FtsH (HflB), regulating its proteolytic 
activity against SecY. EMBO J15: 6122-6131 
Kinsman EA, Pyke KA. 1998. Bundle sheath cells and cell-specific plastid development in 
Arabidopsis leaves .Development 125: 1815-1822 
Kirk JTO, Tilney-Bassett RAE. 1967. The Plastids, London, San Francisco, W. H. 
Freeman Press. 
Kolodziejczak M, Kolaczkowska A, Szczesny B, Urantowka A, Knorpp C, Kieleczawa 
J, Janska H. 2002. A Higher Plant Mitochondrial Homologue of the Yeast m-AAA 
Protease. Molecular Cloning, Localization, and Putative Function. J Biol Chem 277: 
43792-43798 
Kondo H, Rabouille C, Newman R, Levine TP, Pappin D, Freemont P, Warren G. 
1997. p47 is a cofactor for p97-mediated membrane fusion. Nature 388: 75-78 
28 
Krzywda S, Brzozowski AM, Verma C, Karata K, Ogura T, Wilkinson AJ. 2002. The 
Crystal structure of the AAA Domain of the ATP-Dependent Protease FtsH of 
Escherichia coli at 1.5Â Resolution. Structure 10: 1073-1083 
Lauer M, Knudsen C, Newton KJ, Gabay-Laughnan S, Laughnan JR. 1990. A Partially 
Deleted Mitochondrial Cytochrome Oxidase Gene in the NCS6 Abnormal Growth 
Mutant of Maize. New Biol 2: 179-186 
Leffers GG Jr, Gottesman S. 1998. Lambda Xis degradation in vivo by Lon and FtsH. J 
Bacteriol 180: 1573-1577 
Leonhard K, Stiegler A, neupert W, Langer T. 1999. Chaperone-like activity of the AAA 
domain of the yeast Ymel AAA protease. Nature 398: 348-351 
Li H.-M, Culligan K, Dixon RA, Chory J. 1995. CUE1: A Mesophyll Cell-Specific 
Positive Regulator of Light-Controlled Gene Expression in Arabidopsis. Plant Cell 7: 
1599-1610 
Lindahl M, Spetea C, Hundal T, Oppenheim AB, Adam Z, Andersson B. 2000. The 
thylakoid FtsH protease plays a role in the light-induced turnover of the photosystem II 
D1 protein. Plant Cell 12: 419-431 
Lindahl M, Tabak S, Cseke L, Pichersky E, Andersson B, Adam Z. 1996. Identification, 
characterization, and molecular cloning of a homologue of the bacterial FtsH protease 
in chloroplasts of higher plants. J Biol Chem 271: 29329-29334 
Lôpez-Juez E, Jarvis RP, Takeuchi A, Page AM, Chory J. 1998. New Arabidopsis cue 
Mutants Suggest a Close Connection between Plastid- and Photochrome Regulation of 
Nuclear Gene Expression. Plant Physiol 118: 803-815 
29 
Luking A, Stahl U, Schmidt U. 1998. The protein family of RNA helicases. Crit Rev 
Biochem Mol Biol 33: 259-296 
Mann N, Novae N, Mullineaux C, Newman J, Bailey S, Robinson C. 2000. Involvement 
of an FtsH homologue in the assembly of functional photosystem I in the 
cyanobacterium Synechocystis sp. PCC 6803. FEBS Lett 479: 72-77 
Marienfeld JR, Newton KJ. 1994. The Maize NCS2 Abnormal Growth Mutant Has a 
Chimeric nad4-nad7 Mitochondrial Gene and Is Associated With Reduced Complex I 
Function. Genetics 138: 855-863 
Martinez-Zapater JM. 1993. Genetic analysis of variegated mutants in Arabidopsis. J 
Hered 84: 138-140 
Martinez-Zapater JM, Gil P, Capel J, Somerville CR. 1992. Mutations at the Arabidopsis 
CHM Locus Promote Rearrangements of the Mitochondrial Genome. Plant Cell 4: 889-
899 
Matveeva EA, He P, Whiteheart SW. 1997. N-ethylmaleimide-sensitive fusion protein 
contains high and low affinity ATP-binding sites that are functionally distinct. J Biol 
Chem 272: 26413-26418 
McNally FJ, Vale RD. 1993. Identification of katanin, an ATPase that severs and 
disassembles stable microtubles. Cell 75: 419-429 
Modrich P, Lahue R. 1996. Mismatch repair in replication fidelity, genetic recombination, 
and cancer biology. Annu Rev Biochem 65: 101-133 
Naested H, Holm A, Jenkins T, Nielsen HB, Harris CA, Beale MH, Andersen M, Mant 
A, Scheller H, Camara B, Mattsson O, Mundy J. 2004. Arabidopsis Variegated 3 
30 
encodes a chloroplast-targeted, zinc-finger protein required for chloroplast and palisade 
cell development. J Cell Sci 117: 4807-4818 
Newton KJ, Knudsen C, Gabay-Laughnan S, Laughnan JR. 1990. An Abnormal Growth 
Mutant in Maize Has a Defective Mitochondrial Cytochrome Oxidase Gene. Plant Cell 
2: 107-113 
Niwa H, Tsuchiya D, Makyio H, Yoshitda M, Morikawa K. 2002. Hexameric Ring 
Structure of the ATPase Domain of the Membrane-Integrated metalloprotease FtsH 
from Thermus thermophilus HB8. Structure 10: 1415-1423 
Nixon PJ, Barker M, Boehm M, de Yries R, Komenda J. 2005. FtsH-mediated repair of 
the photosystem II complex in response to light stress. J Exp Bot 56: 357-363 
Novick P, Schekman R. 1979. Secretion and cell-surface growth are blocked in a 
temperature-sensitive mutant of Saccharomyces cerevisiae. Proc Natl Acad Sci USA 
76: 1858-1862 
Ogura T, Inoue K, Tatsuta T, Suzaki T, Karata K, Young K, Su L-H, Fierke CA, 
Jackman JE, Raetz CR, Coleman J, Tomoyasu T, Matsuzawa H. 1999. Balanced 
biosynthesis of major membrane components through a regulated degradation of the 
committed enzyme of lipid A biosynthesis by the AAA protease FtsH (HflB) in 
Escherichia coli. Mol Microbiol 31: 833-844 
Ogura T, Tomoyasu T, Yuki T, Morimura S, Begg KJ, Donachie WD, Mori H, Niki H, 
Hiraga S. 1991. Structure and Function of the ftsH Gene in Escherichia coli. Res 
Microbiol 142: 279-282 
31 
Ostersetzer O, Adam Z. 1997. Light-stimulated degradation of an unassembled Rieske FeS 
protein by a thylakoid-bound protease: the possible role of the FtsH protease. Plant Cell 
9: 957-965 
Patel S, Latterich M. 1998. The AAA team: related ATPases with diverse functions. 
Trends Cell Biol 8: 65-71 
Qu JN, Makino SI, Adachi H, Koyama Y, Akiyama Y, Ito K, Tomoyasu T, Ogura T, 
Matsuzawa H. 1996. The tolZ gene of Escherichia coli is identified as the ftsH gene. J 
Bacteriol 178: 3457-3461 
Rabouille C, Levine TP, Peters JM, Warren G. 1995. An NSF-like ATPase, p97, and 
NSF mediate cisternal regrowth from mitotic Golgi fragments. Cell 82: 905-914 
Rédei GP. 1963. Somatic instability caused by a cysteine-sensitive gene in Arabidopsis. 
Science 139: 767-769 
Redei GP. 1973. Extra-chromosomal mutability determined by a nuclear gene locus in 
Arabidopsis. Mutat Res 18: 149-162 
Reiter RS, Coomber SA, Bourett TM, Bartley GE, Scolnik PA. 1994. Control of Leaf 
and Chloroplast Development by the Arabidopsis Gene pale cress. Plant Cell 6: 1253-
1264. 
Reuber BE, Germain-Lee E, Collins CS, Morrell JC, Ameritunga R, Moser HW, Valle 
D, Gould S J. 1997. Mutations in PEX1 are the most common cause of peroxisome 
biogenesis disorders. Nature Genet 17: 445-458 
Rodermel S. 2001. Arabidopsis variegation mutants. The Arabidopsis Book, eds. C.R. 
Somerville and E.M Meyerowitz, American Society of Plant Biologists, Rockville, 
MO, doi/10.1199/tab.0079, http://www.aspb.org/publicationsMra6ztifopszs/ 
32 
Sakamoto W. 2003. Leaf-variegated mutations and their responsible genes in Arabidopsis 
thaliana. Genes Genet Syst 78: 1-9 
Sakamoto W, Tamura T, Hanba-Tomita Y, Sodmergen, Murata M. 2002. The VAR1 
locus of Arabidopsis encodes a chloroplastic FtsH and is responsible for leaf 
variegation in the mutant alleles. Genes to Cells 7: 769-780 
Sakamoto W, Zaltsman A, Adam Z, Takahashi Y. 2003. Coordinated regulation and 
complex formation of yellow variegated 1 and yellow variegated 2, chloroplastic FtsH 
metalloproteases involved in the repair cycle of Photosystem II in Arabidopsis 
thylakoid membranes. Plant Cell 15: 2843-2855 
Santos D, de Almeida DF. 1975. Isolation and Characterization of a New Temperature-
Sensitive Cell Division Mutant of Escherichia coli K-12. J Bacteriol 124: 1502-1507 
Seo S, Okamoto M, Iwai T, Iwano M, Fukui K, Isogai A, Nakajima N, Ohashi Y. 2000. 
Reduced levels of chloroplast FtsH protein in tobacco mosaic virus-infected tobacco 
leaves accelerate the hypersensitive reaction. Plant Cell 12: 917-932 
Shetland Y, Koby S, Teff D, Mansur N, Oren DA, Tatematsu K, Tomoyasu T, Kessel 
M, Bukau B, Ogura T, Oppenheim AB. 1997. Proteolysis of the phage X CII 
regulatory protein by FtsH (HflB) of Escherichia coli. Mol Microbiol 24: 1303-1310 
Silva P, Thompson E, Bailey S, Kruse O, Mullineaux CW, Robinson C, Mann NH, 
Nixon PJ. 2003. FtsH is involved in the early stages of repair of photosystem II in 
Synechocystis sp. PCC 6803. Plant Cell 15: 2152-2164 
Sinvany-Villalobo G, Davydov O, Ben-Ari G, Zaltsman A, Raskind A, Adam Z. 2004. 
Expression in multigene families. Analysis of chloroplast and mitochondrial proteases. 
Plant Physiol 135: 1336-1345 
33 
Sokolenko A, Pojidaeva E, Zinchenko V, Panichkin V, glaser VM, Herrmann RG, 
Shestakov SV. 2002. The gene complement for proteolysis in the cyanobacterim 
Synechocystis sp. PCC 6803 and Arabidopsis thaliana chloroplasts. Current Genet 41: 
291-310 
Streatfield SJ, Weber A, Kinsman EA, Hausler RE, Li J, Post-Beittenmiller D, Kaiser 
WM, Pyke KA, Flugge U, Chory J. 1999. The Phosphoenolpyruvate/Phosphate 
Translocator Is Required for Phenolic Metabolism, Palisade Cell Development, and 
Plastid-Dependent Nuclear Gene Expression. Plant Cell 11: 1609-1621 
Suzuki CK, Rep M, van Dijl JM, Suda K, Grivell LA, Schatz G. 1997. ATP-dependent 
proteases that also chaperone protein biogenesis. Trends Biochem Sci 22: 118-123 
Takechi K, Sodmergen, Murata M, Motoyoshi F, Sakamoto W. 2000. The YELLOW 
VARIEGATED (VAR2) locus encodes a homologue of FtsH, an ATP-dependent 
protease in Arabidopsis. Plant Cell Physiol 41: 1334-1346 
Tepperman JM, Zhu T, Chang H.-S, Quail PH. 2001. Multiple transcription-factor genes 
are early targets of phytochrome A signaling. Proc Natl Acad Sci USA 98: 9437-9442 
Thorsness PE, White KH, Fox TD. 1993. Inactivation of YME1, a member of the ftsH-
SEC18-P AS 1-CDC48 family of putative ATPase-encoding genes, causes increased 
escape of DNA from mitochondria in Saccharomyces cerevisiae. Mol Cell Biol 13: 
5418-5426 
Tomoyasu T, Gamer J, Bukau B, Kanemori M, Mori H, Rutman AJ, Oppenheim AB, 
Yura T, Yamanaka K, Niki H, Hiraga S, Ogura T. 1995. Escherichia coli FtsH is a 
membrane-bound, ATP-dependent protease which degrades the heat-shock 
transcription factor a32. EMBO J14: 2551-2560 
Tomoyasu T, Yamanaka K, Murata K, Suzaki T, Bouloc P, Kato A, Niki H, Hiraga S, 
Ogura T. 1993b. Topology and Subcellular Localization of FtsH Protein in 
Escherichia coli. J Bacteriol 175: 1352-1357 
Tomoyasu T, Yuki T, Morimura S, Mori H, Yamanaka K, Niki H, Hiraga S, Ogura T. 
1993a. The Escherichia coli FtsH Protein Is a Prokaryotic Member of a Protein Family 
of Putative ATPases Involved in Membrane Functions, Cell Cycle Control, and Gene 
Expression. J Bacteriol 175: 1344-1351 
Ungermann C, Sato K, Wickner W. 1998. Defining the functions of trans-SNARE pairs. 
Nature 396: 543-548 
Vision TJ, Brown DG, Tanksley SD. 2000. The origins of genomic duplications in 
Arabidopsis. Science 290: 2114-2117 
Walker JE, Saraste M, Runswick MJ, Gay NJ. 1982. Distantly related sequences in the a-
and P-subunits of ATP synthase, myosin, kinases and other ATP-requiring enzymes 
and a common nucleotide binding fold. EMBO J1: 945-951 
Wang RF, O'Hara E B, Aldea M, Bargmann CI, Gromley H, Kushner SR. 1998. 
Escherichia coli mrsC is an allele of hflB, encoding a membrane-associated ATPase 
and protease that is required for mRNA decay. J Bacteriol 180: 1929-1938 
Wang Q, Sullivan RW, Kight A, Henry RL, Huang J, Jones AM, Korth KL. 2004. 
Deletion of the Chloroplast-Localized Thylakoid Formation 1 Gene Product in 
Arabidopsis Leads to Deficient Thylakoid Formation and Variegated Leaves. Plant 
Physiol 136: 3594-3604 
35 
Wang Y.-C, Duby G, Purnelle B, Boutry M. 2000. Tobacco VDL Gene Encodes a Plastid 
DEAD Box RNA Helicase and Is Involved in Chloroplast Differentiation and Plant 
Morphogenesis. Plant Cell 12: 2129-2142 
Weber ER, Hanekamp T, Thorsness PE. 1996. Biochemical and functional analysis of the 
YME1 gene product, an ATP and zinc-dependent mitochondrial protease from S. 
cerevisiae. Mol Biol Cell 7: 307-317 
Wetzel CM Jiang CZ, Meehan LJ, Voytas DF, Rodermel SR. 1994. Nuclear-organelle 
interactions: the immutans variegation mutant of Arabidopsis is plastid autonomous and 
impaired in carotenoids biosynthesis. Plant J 6: 161-175 
Wetzel CM, Rodermel S. 1998. Regulation of phytoene desaturase expression is 
independent of leaf pigment content in Arabidopsis thaliana. Plant Mol Biol 37: 1045-
1053 
Woodman PG. 1997. The roles of NSF, SNAPs and SNAREs during membrane fusion. 
Biochim Biophys Acta 1357: 155-172 
Wu D, Wright DA, Wetzel C, Voytas DF, Rodermel S. 1999. The IMMUTANS 
variegation locus of Arabidopsis defines a mitochondrial alternative oxidase homolog 
that functions during early chloroplast biogenesis. Plant Cell 11: 43-55 
Wulff DL, Rosenberg M. 1983. Establishment of repressor synthesis. In: Lambda II 
(Hendrix, R.W, Roberts, J.W., Stahl, F.W. Weisberg, R.A, Eds.). Cold Spring Harbor 
Laboratory Press. pp53-73 
Yu F, Park S, Rodermel SR. 2004. The Arabidopsis FtsH metalloprotease gene family: 
interchangeability of subunts in chloroplast oligomeric complexes. Plant J 37: 864-876 
36 
Yu F, Park S, Rodermel SR. 2005. Functional redundancy of AtFtsH metalloproteases in 
thylakoid membrane complexes. Plant Physiol 138: 1957-1966 
37 
CHAPTER H. THE ARABIDOPSIS FTSH METALLOPROTEASE GENE FAMILY: 
INTERCHANGEABILITY OF SUBUNITS IN CHLOROPLAST OLIGOMERIC 
COMPLEXES 
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Fei Yu, Sungsoon Park, and Steven R. Rodermel 
ABSTRACT 
The Arabidopsis AtFtsH metalloprotease gene family comprises twelve members 
(AtFtsHl-12), including three pairs of closely-related genes that are targeted to chloroplasts 
(AtFtsH2 and 8; AtFtsHl and 5; and AtFtsH7 and 9). Mutations in AtFtsH5 (varl) and 
AtFtsH2 (var2) give rise to variegated plants with green- and white-sectored leaves. 
Whereas cells in the white sectors are blocked in chloroplast biogenesis, cells in the green 
sectors contain morphologically normal chloroplasts. A major question is how chloroplasts 
arise in cells that have a mutant genotype. We have found by two-dimensional green gel and 
gel filtration analyses that AtFtsH2/VAR2 forms oligomeric complexes. Two bands in the 2-
D green gels that correspond to AtFtsH5/VARl + AtFtsHl and AtFtsH2/VAR2 + AtFtsH8 
have been identified, and these bands are coordinately reduced in amount in varl and var2 
thylakoids that lack AtFtsH5/VARl and AtFtsH2/VAR2, respectively. These reductions are 
not due to alterations in transcript abundance. Overexpression of AtFtsH8 in var2-4 (a 
putative null allele) normalizes the variegation phenotype of the mutant and restores the two 
bands to their wild type levels. These results suggest that AtFtsH8 is interchangeable with 
AtFtsH2/VAR2 in AtFtsH-containing oligomers, and that the two proteins have redundant 
functions. Consistent with this hypothesis, AtFtsH2 and AtFtsH8 have similar expression 
patterns, as monitored by promoter-GUS fusion and RT-PCR experiments. Based on our 
findings, we propose that AtFtsHl, AtFtsH2/VAR2, AtFtsH5/VARl and AtFtsHS interact to 
form oligomeric structures, and that subunit stoichiometry is controlled post-transcriptionally 
in varl and varl, perhaps by turnover. A threshold model is presented to explain the pattern 
of variegation in var2 in which AtFtsHS provides a compensating activity in the green 
sectors of the mutant. 
INTRODUCTION 
AAA proteins (ATPases associated with diverse cellular activities) are a versatile 
class of Walker A/GTPases that contain one or more "AAA cassette" domains (-200-250 
amino acids) (Kunau et al., 1993; Beyer, 1997; Neuwald et al., 1999). These domains contain 
an ATP binding site, composed of Walker boxes A and B, and other conserved sequences 
whose functions are not understood. The members of the "FtsH metal-dependent protease" 
subfamily of AAA proteins are ubiquitous among prokaryotes and eukaryotes and appear to 
be derived from an ancestral prokaryotic FtsH gene (Beyer, 1997). FtsH-like genes have a 
single AAA cassette, two transmembrane helices in their N-terminus, and a zinc binding site 
in their C-terminus (Beyer, 1997). 
FtsH has been most thoroughly studied in E. coli, where it is involved in a diversity of 
processes, including the degradation of misfolded and excess proteins (protein quality 
control), the export of proteins from the cell, the integration of membrane proteins, mRNA 
decay, and resistance to colicins (e.g., Akiyama et al., 1994; Gottesman et al., 1997; Granger 
et al., 1998). Several FtsH homologs have also been characterized in yeast, where they 
associate into mitochondrial inner membrane complexes that degrade unassembled subunits 
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of inner membrane components (reviewed by Suzuki et al., 1997). It has been proposed that 
FtsH proteins are versatile because they have an intrinsic chaperone activity in addition to 
their protease activity (e.g., Akiyama et al., 1994; Arlt et al., 1996; Shirai et al., 1996; 
Gottesman et al., 1997; Akiyama et al., 1998; Leonhard et al., 1999). 
Among photosynthetic organisms, four FtsH homologs have been identified in the 
completely sequenced genome of the cyanobacterium Synechocystis sp. PCC6803 (Kaneko et 
al., 1996). A small number of /-MZ-like sequences have also been identified in eukaryotic 
algae and higher plants (Beyer, 1997; Chen et al., 2000; Adam et ai, 2001). Prior to the 
completion of the Arabidopsis genome sequence it was reported that Fto/Z-like genes 
comprise a nuclear multigene family of at least nine members (AtFtsHl-9), most of whose 
products are targeted to either mitochondria or plastids (Adam et al., 2001). Of the plastid-
localized AtFtsH proteins, only AtFtsHl, AtFtsH2 (also designated VAR2) and AtFtsHS 
(also designated VAR1) have been characterized to any extent (Lindahl et al., 1996, 2000; 
Chen et al., 2000; Takechi et al., 2000; Sakamoto et al., 2002). All three of these proteins 
reside in the plastid and are localized on stromally-exposed regions of the thylakoid 
membrane (Lindahl et al., 1996; Chen et al, 2000). In vitro studies have demonstrated that 
AtFtsHl catalyzes the proteolytic degradation of photooxidatively-damaged D1 proteins of 
PSII (Lindahl et al., 2000). AtFtsH2/VAR2 and AtFtsH5/VARl are also involved in 
photoprotection, inasmuch as the var2 and varl mutants (which have lesions in AtFtsH2 and 
AtFtsHS, respectively) are impaired in the degradation of D1 and are more sensitive than 
wild type to PSII photoinhibition (Bailey et al., 2002; Sakamoto et al., 2002). These 
activities might be important commencing early in thylakoid membrane biogenesis, since the 
expression of both AtFtsHl and AtFtsH2/VAR2 is up-regulated during the greening of 
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etiolated seedlings (Lindahl et al., 1996; Chen et al., 2000). In addition to a role in 
photoprotection, AtFtsH2/VAR2 might be involved in membrane fusion and/or translocation 
events, because it displays high similarity to the red pepper Pftf protein (Hugueney et al, 
1995; Chen et al., 2000). Other than this limited number of examples of activities of defined 
AtFtsH gene family members, uncharacterized chloroplast FtsH-like proteins have been 
implicated in the degradation of unassembled Rieske FeS proteins (RISP) in the thylakoid 
membrane (Ostersetzer and Adam, 1997), as well as in the N-gene mediated hypersensitive 
reaction against Tobacco Mosaic Virus infection (Seo et al., 2000). 
Variegation mutants are ideal models to gain insight into nuclear-organelle 
interactions (reviewed by Leon et al., 1998; Rodermel, 2001a, 2001b). The var2 mutant is 
one of relatively few variegations in Arabidopsis that have been studied. Sectoring in var2 is 
due to the action of a nuclear recessive gene (Martinez-Zapater, 1993; Chen et al., 1999). 
The mutant has normal-appearing cotyledons, but the first true leaves are bright yellow. As 
leaf expansion proceeds, green islands become visible and expand in size, and the yellow 
sectors fade to white. Sector boundaries and identity become fixed at full expansion. 
Whereas cells in the green leaf sectors and cotyledons of var2 contain morphologically 
normal chloroplasts, cells in the yellow and white sectors are heteroplastic and contain 
vacuolated plastids with few, if any, lamellae, as well as some normal-appearing chloroplasts 
(Chen et al., 1999). Defective plastids are not maternally-inherited in var2, suggesting that 
the plastid defect can be "cured" during or after reproduction (Martinez-Zapater, 1993; Chen 
et al., 1999). Map based cloning revealed that the VAR2 locus codes for AtFtsH2 (Chen et 
al., 2000). Takechi et al. (2000) also cloned a T-DNA tagged allele of VAR2. 
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In this report we take advantage of the genetics of Arabidopsis to explore the 
structure and function of AtFtsH proteins. Examination of the Arabidopsis genome sequence 
has revealed that some members of the AtFtsH gene family occur in pairs of closely-related 
proteins, three pairs of which are targeted to the plastid. We examine the functional 
relationships between proteins in two of these pairs, bearing the genes for AtFtsHl + 
AtFtsH5/VARl and AtFtsH2/VAR2 + AtFtsHS. We also take advantage of an allelic series 
of var2 that we have characterized (Chen et al., 2000; Rodermel, 2001b) to explore the 
oligomeric structure of AtFtsH and interactions between AtFtsH2/VAR2 and other plastid-
localized AtFtsH proteins. Based on our results, we propose a model to explain the 
mechanism of variegation in var2. 
RESULTS 
FtsH comprises a small gene family in Arabidopsis 
Prior to the completion of the Arabidopsis genome project, we estimated that FtsH is 
present as a small nuclear gene family of at least nine members (Adam et al., 2001). Table 1 
provides an updated compilation of FtsH (AtFtsH) genes in Arabidopsis, showing that there 
are twelve members of this family. The translation products of all twelve genes possess the 
three diagnostic signatures of FtsH homologs: two N-terminal transmembrane domains, a 
single AAA cassette, and a zinc-binding site (HEXXH). In addition to the twelve genes, we 
identified several FtsH-like genes that we excluded from Table 1 because they lacked one or 
more of the three motifs: At4g23940, At3gl6290, At3g02450, and At5g64580. 
Predictions from organelle targeting programs, such as Target P (Emanuelsson et al., 
2000), revealed that eight of the twelve AtFtsH proteins are likely targeted to the plastid and 
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two to the mitochondrion (Table 1). Target P could not detect transit peptide sequences in the 
other two proteins (AtFtsH4 and AtFtsHl 1). Of the plastid-targeted proteins, AtFtsHl, 
AtFtsH2/VAR2 and AtFtsH5/VARl have been imported into chloroplasts in organello or as 
reporter gene fusions, indicating that they are bone fide plastid proteins (Lindahl et al., 1996; 
Chen et al., 2000; Sakamoto et al., 2002). Examination of cDNA and EST databases revealed 
that nearly all of the AtFtsH genes are expressed in Arabidopsis (data not shown). The one 
exception is AtFtsH6, for which a cDNA or EST could not be found. We have also been 
unable to detect expression of AtFtsH6 by RT-PCR in surveys of Arabidopsis tissues and 
organs (data not shown). It is therefore possible that AtFtsHl5 is induced under conditions that 
we have not yet tested or, alternatively, that the gene is silenced. 
Figure 1 shows the phylogenetic relationships of the twelve Arabidopsis AtFtsH 
genes. The tree was constructed using predicted full-length amino acid sequences, but nearly 
identical results were obtained using sequences with putative transit peptides removed. The 
tree shows that there are four pairs of closely-related genes: AtFtsHl and AtFtsH5/VARl, 
AtFtsH2/VAR2 and AtFtsH8, AtFtsH7 and AtFtsH9, and AtFtsH3 and AtFtsHlO. Consistent 
with a high degree of similarity, the members of each pair have similar gene structures. The 
tree also shows that AtFtsH4 and AtFtsHl 1 are related, but to lesser extent than the other four 
pairs (note the branch length differences). The gene structures of AtFtsH4 and AtFtsHl 1 are 
also very different (data not shown). It should be pointed out that the large C-terminal 
regions of AtFtsH proteins downstream from the -200 amino acid AAA cassette domain 
have a high degree of similarity within a protein pair, but between pairs these regions show 
less homology. The C-termini are thought to impart substrate specificity, and it is therefore 
likely that the various members of the AtFtsH gene family have different substrate 
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specificities and/or activities (e.g., they could act as chaperone and/or proteases), as 
demonstrated for FtsH homologs in bacteria and yeast (e.g., Akiyama et al., 1994, 1998; Arlt 
et al., 1996; Shirai et al., 1996; Gottesman et al., 1997; Leonhard et al., 1999). 
AtFtsH2/VAR2 is present in thylakoid membranes as an oligomeric complex 
Chloroplast import assays have demonstrated that AtFtsHl and AtFtsH2/VAR2 are 
thylakoid membrane proteins with their C-termini exposed on the stromal side of the 
membrane (Lindahl et al., 1996; Chen et al., 2000). In E. coli, FtsH arises from a single gene 
and is present in higher molecular weight membrane complexes. Although the precise size 
and composition of these complexes are not known, the FtsH components might associate as 
hexamers, based on modeling of the crystal structure of the AAA cassette region of the 
protein (Akiyama et al., 1995; Krzywda et al., 2002). As a first approach to test whether 
plastid AtFtsH proteins are present as oligomers, we performed two-dimensional green gel 
analyses (Allen and Staehelin, 1991). In these experiments, proteins from solubilized 
Arabidopsis thylakoid membranes were electrophoresed through a native 8% polyacrylamide 
gel (first dimension). Strips from the native gels were then subjected to SDS-PAGE (-12-
14% gels) and stained with Coomassie blue (second dimension). Representative first and 
second dimension gels from wild type Arabidopsis thylakoid membranes are shown in Figure 
2a. The identity of the chlorophyll-protein complexes in the bands on the native gels was 
confirmed by MALDI-TOF mass spectrometry of selective proteins in the 2-D gels (Figure 
2a). For instance, the band designated as "PSI" includes proteins in spots 2, 16 and 17, all of 
which were identified as bone fide PSI subunits. 
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To explore whether AtFtsH proteins are present as oligomeric complexes, we focused 
our attention on AtFtsH2/VAR2. One reason for this was that an AtFtsH2/VAR2 antibody 
was in hand; this antibody was generated to the C-terminal third of the protein (i.e., the 
region that is not conserved among AtFtsH proteins) (Chen et al., 2000). The second reason 
was that we wanted to take advantage of an allelic series of var2 that we have characterized 
(Chen et al., 2000; Rodermel, 2001b). Figure 2b shows a Western immunoblot of a portion 
of a 2-D green gel (boxed in Figure 2a) using the AtFtsH2/VAR2 antibody. A strong signal is 
present in the -70 kDa region of the native gel. We speculate that this signal is from the -74 
kDa AtFtsH2/VAR2 monomer (Chen et al., 2000). However, the signal extends to regions of 
the gel larger than the PSI complex (-200- 300 kDa) (Chitnis, 2001), suggesting that 
AtFtsH2/VAR2 is part of an oligomeric membrane complex(es). This hypothesis was 
confirmed by gel filtration analysis, which showed that AtFtsH2/VAR2 eluted in fractions 
equal to or larger than those containing the P-amylase standard (-200 kDa) (Figure 3). 
Differences in migration of the oligomeric complexes in the green gel versus gel filtration 
experiments are likely due to the different detergent treatments used in the isolation 
procedures. 
The var2-5 allele contains a missense mutation in Walker ATP-binding site B 
(P320L) (Chen et al., 2000). The mutant has normal amounts of AtFtsH2/VAR2 mRNA but 
low levels of AtFtsH2/VAR2 protein. Although var2-5 is one of the least severe var2 alleles, 
the fact that this mutant displays a variegation phenotype indicates that Walker binding site B 
(and by extension, ATP binding or hydrolysis) is required for optimal AtFtsH2/VAR2 
activity and/or stability (Chen et al., 2000). Gel filtration analyses of membrane proteins 
from green sectors of var2-5 (Figure 3) revealed that the AtFtsH2/VAR2 signal is more 
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broadly dispersed than in the wild type, and that a significant amount of AtFtsH2/VAR2 is 
present in fractions smaller than (3-amylase. This suggests that mutations in the ATP binding 
site affect the size, composition and/or stability of AtFtsH2/VAR2 -containing oligomers. 
Interactions between AtFtsH proteins 
MALDI-TOF mass spectrometry was performed to determine which of the bands in 
the ~70 kDa region of the 2-D green gels that had a signal form the Western blots (Figure 2b) 
is AtFtsH2/VAR2. These analyses showed that AtFtsH2/VAR2 is present in a band that does 
not co-migrate with any of the major thylakoid membrane complexes (Figures 2 and 4a). 
This band also contains unique peptide fragments of AtFtsHS. Moreover, a nearby band 
contains peptide fragments of both AtFtsHl and AtFtsH5/VARl. A co-migration of the 
proteins in each of these bands might not be surprising because of the high similarity 
between AtFtsH2/VAR2 and AtFtsHS (90% amino acid identity) and between AtFtsHl and 
AtFtsH5/VARl (87% amino acid identity). We conclude that the "lower" protein band 
contains AtFtsH2/VAR2 and AtFtsHS, while the "upper" band contains AtFtsHl and 
AtFtsH5/VARl (Figure 4a). A similar "two-band" situation prevails in pea (data not shown). 
To investigate the impact of a loss of AtFtsH2/VAR2 on the abundance of AtFtsHl, 
AtFtsH5/VARl and AtFtsHS, we examined the var2-4 allele. This allele is severe and is 
predicted to be null due to a defect in mRNA splicing (J. Barr, A. Manuell, V. Brendel and S. 
Rodermel, unpublished data). In Western immunoblots this allele contains very low amounts 
of a protein that cross reacts with the AtFtsH2/VAR2 antibody (likely AtFtsHS) (see later, 
Figure 6d). 2-D green gel patterns of wild type and var2-4 thylakoid membrane proteins were 
compared and no significant differences were observed in either the first or second 
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dimension, demonstrating that a loss of AtFtsH2/VAR2 does not significantly impact the 
composition of chlorophyll-binding protein complexes in the var2-4 green sectors (data not 
shown). However, both the "upper" and "lower" AtFtsH bands stained much less intensely in 
the mutant (Figure 4b). A decrease would be anticipated for the lower AtFtsH2/VAR2 -
containing band, but a corresponding decrease in the upper band suggests that a loss of 
AtFtsH2/VAR2 impacts the accumulation of AtFtsHl and/or AtFtsH5/VARl. Western 
immunoblots of green gels from the mutant and wild type (as in Figure 2b) revealed that 
signal intensities were reduced in all regions of the gel, suggesting that var2-4 had reductions 
in oligomers as well as monomers (data not shown). 
To confirm the var2-4 data, we repeated the experiments with the var2-l and var2-3 
alleles. var2-l is predicted to be null because of a nonsense mutation, while var2-3 contains a 
missense mutation and approximately 25% of wild type AtFtsH2/VAR2 protein levels (Chen 
et al., 2000). In both mutants, no significant differences were noted in either the first or 
second dimension gels, but there were sharp reductions in both the upper and lower bands 
(data not shown). 
We also performed the converse experiment and examined the 2-D green gel profiles 
of thylakoid membrane proteins from the varl-1 mutant (Sakamoto et al., 2002). This mutant 
has a weak leaf variegation phenotype and contains an insertion nucleotide in the coding 
sequence of AtFtsHS. This insertion results in the generation of an early stop codon and is 
predicted to be null (Sakamoto et al., 2002). Green gel analysis of varl-J revealed that the 
protein composition of varl-1 is normal, as monitored in the first and second dimensions, 
with the exception that there is a marked decrease in staining intensity of the upper and lower 
AtFtsH-containing bands (Figure 4c). The decrease in the upper band, which contains 
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AtFtsH5/VARl, is anticipated, but a reduction in the lower band indicates that a loss of 
AtFtsH5/VARl impacts the accumulation of AtFtsH2/VAR2 and/or AtFtsHS. Reductions of 
AtFtsH2/VAR2 and AtFtsHS are also observed on Western blots of chloroplast proteins from 
varl-1 versus wild type plants, regardless of whether gel loadings are standardized to 
chlorophyll or protein contents (data not shown). As with var2-4, AtFtsH2/VAR2 + 
AtFtsHS-containing oligomers, as well as monomers, are reduced in abundance in varl-1 
(data not shown). 
Whereas the data in Figure 4 indicate that a loss of AtFtsH2/VAR2 or 
AtFtsH5/VARl impacts the accumulation of other AtFtsH subunits, this could occur at either 
the transcriptional or post-transcriptional levels. To examine the possibility that these 
alterations are due to changes at the transcriptional level, we determined the abundance of 
AtFtsHl, AtFtsH2/VAR2, AtFtsH5/VARl and AtFtsH8 mRNAs in wild type leaves, var2-4 
green sectors and varl-1 green sectors using semi-quantitative RT-PCR (Figure 5); the levels 
of actin are shown for comparative purposes. The data reveal that the levels of all mRNAs 
are normal in varl-1, with exception of AtFtsH'5ZVAR1 mRNAs, which contain the varl-1 
lesion. The levels of all mRNAs are also normal in var2-4, again with the exception of 
AtFtsH2/VAR2 mRNAs. Taken together, these results indicate that reductions in 
AtFtsH2/VAR2 or AtFtsH5/VARl do not impact the expression of other AtFtsH proteins at 
the transcript abundance level. Although we cannot rule out complex translational controls, 
perhaps the simplest hypothesis is that AtFtsHl, AtFtsH2/VAR2, AtFtsHS/VARl and 
AtFtsHS interact with one another in thylakoid membranes to form oligomeric complexes, 
and that when stoichiometric amounts of these proteins are not present, excess subunits are 
post-translationally degraded. 
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AtFtsH2/VAR2 and AtFtsHS have redundant functions 
All var2 mutants, regardless of allele, are characterized by green cotyledons and 
variegated true leaves. However, the extent of variegation is allele-specific, with putative null 
alleles having the greatest degree of white-sector formation. Because AtFtsH8 is closely-
related to AtFtsH2/VAR2, we wanted to test the hypothesis that AtFtsHS and AtFtsH2/VAR2 
have redundant functions, and that the green portions of var2 arise from compensating 
expression of AtFtsH8. One way of testing this hypothesis is to see whether overexpression 
of AtFtsH8 is able to complement the var2 phenotype. For these experiments, we isolated an 
AtF(sH8 cDNA and introduced it under the control of the CaMV 35S promoter into the var2-
4 (putative null) allele. At the T1 generation, a number of kanamycin-resistant plants were 
identified that have phenotypes similar to wild type. A representative line is shown in Figure 
6a (C2W8No3). Southern blotting of genomic DNAs from this transformant revealed that it 
contains a single T-DNA insert (Figure 6b). Consistent with a single insert, selfing of 
C2W8No3 gave rise to T2 progeny with a phenotypic ratio of 87-to-26 (wild type-to- var2-
4), agreeing with a predicted 3-to-l ratio. 
Semi-quantitative RT-PCR analyses were used to assess the levels of AtFtsHl, 
AtFtsH2/VAR2, AtFtsH5/VARl and AtFtsH8 mRNAs in the ^Fte//S-overexpression plant. 
Figure 5 shows that the leaves of this plant have normal levels of AtFtsHl and 
AtFtsH5/VARl mRNAs, decreased amounts of AtFtsH2/VAR2 mRNAs (similar to var2-4), 
and increased AtFtsH8 transcript abundance (due to AtFtsH8 overexpression). 2-D green gel 
analysis revealed that the protein composition of C2W8No3 is normal, as assessed in the first 
and second dimensions. Importantly, the intensities of both the upper and lower AtFtsH-
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containing bands were restored to normal (Figure 6c). Consistent with AtFtsHS 
overexpression (against a null var2-4 background), proteins that interact with the 
AtFtsH2/VAR2 antibody are increased in abundance on Western blots of 1-D SDS PAGE of 
thylakoid membrane proteins (Figure 6d). The Western blots signals of the lower AtFtsH-
containing bands on 2-D green gels are also enhanced in the overexpressor (data not shown). 
Considered together, these data indicate that AtFtsHS can rescue the var2 phenotype, 
suggesting that AtFtsH8 and AtFtsH2/VAR2 have redundant functions, at least partially. 
Furthermore, the observation that overexpression of AtFtsH8 can restore the abundance of 
AtFtsHl and/or AtFtsH5/VARl is consistent with the proposal that AtFtsHS can replace 
AtFtsH2/VAR2 in AtFtsH oligomeric complexes. 
AtFtsH2 and AtFtsH8 have similar expression patterns 
To further define the nature of the redundancy between AtFtsH2/VAR2 and AtFtsH8, 
we examined the expression profiles of both genes using promoter-GUS fusions. In these 
experiments, promoter regions upstream from the transcriptional start sites of AtFtsH2/VAR2 
and AtFtsH8 were fused to the gene for ^-glucuronidase and the constructs were introduced 
into Columbia plants. Independent transformants were selected at the T1 generation; 
integration of the T-DNA was monitored by PCR and Southern blotting of genomic DNAs 
(data not shown). Seeds from independent lines were germinated in soil or on tissue culture 
medium and GUS activity assays were carried out at various stages of development. The 
expression patterns were identical for each of two independently transformed lines; the 
results in Figure 7 are from a representative line for each construct. 
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Figure 7 shows that the GUS staining patterns are very similar for both genes, with 
strong staining in most green organs of the plant, including cotyledons (Figures 7a and b), 
young and old leaves (Figures 7a-f), sepals (Figures 7g and h), and cauline leaves (data not 
shown). Very low GUS activities were detected in roots (Figures 7a and b). It is interesting 
that both genes have higher expression levels in cotyledons than in newly emerging rosette 
leaves (Figures 7a and b). We next examined transcript levels of AtFtsH/VAR2 and AtFtsH8 
by semi-quantitative RT-PCR (Figure 8). These results confirmed the findings from the 
promoter-GUS transgenic plants, and show that AtFtsH2/VAR2 and AtFtsH8 have similar 
expression profiles, with both genes being predominantly expressed in green tissues (Figure 
8). 
DISCUSSION 
The Arabidopsis genome contains a total of 12 AtFtsH-like genes. These include four 
pairs of highly conserved homologs, viz., AtFtsHl and AtFtsH5/VARl, AtFtsH2/VAR2 and 
AtFtsH8, AtFtsH3 and AtFtsHlO and AtFtsH7 and AtFtsH9. These gene pairs likely arose as 
a consequence of duplications that occurred during the evolutionary history of the 
Arabidopsis genome (Vision et al., 2000). One question is whether the members of each pair 
are functionally redundant. In this study we explored the relationship between AtFtsH2/VAR2 
and AtFtsH8 and found that overexpression of AtFtsH8 normalizes the variegation phenotype 
of var2. It also restores the decreased staining intensities of the "upper" and "lower" AtFtsH-
containing bands on 2-D green gels to their wild type levels. The promoter-GUS fusion 
experiments revealed that the patterns of AtFtsH2/VAR2 and AtFtsH8 transcription are 
similar, and that these are correlated with the patterns of accumulation of AtFtsHS and 
AtFtsH2/VAR2 transcripts, as monitored by RT-PCR. Considered together, these data 
strongly support the hypothesis that the activities of AtFtsH2/VAR2 and AtFtsHS overlap, at 
least partially. It will be of interest to determine whether this is true for the other pairs of 
AtFtsH proteins. 
E. coli FtsH forms heteromeric membrane structures that likely contain hexamers of 
FtsH complexed to other proteins, such as HflKC (Akiyama et al., 1995; Kihara et al., 1996). 
Our 2-D green gel and gel filtration experiments revealed that AtFtsH2/VAR2 is present in 
oligomeric complexes in thylakoid membranes (Figures 2 and 3). We do not know the 
composition of these oligomers, but it is reasonable to speculate that they contain at least 
AtFtsHl, AtFtsH2/VAR2, AtFtsH5/VARl, and AtFtsHS. This inference is based upon our 2-
D green gel studies showing that the "upper" and "lower" AtFtsH-containing bands are 
reciprocally reduced in staining intensity when the abundance of proteins in one of the bands 
is altered due to mutations in AtFtsH2 (var2) or AtFtsH5 {varl) (Figure 4). The changes in 
protein levels in the mutants do not occur at the transcriptional level (Figure 5), suggesting 
they are post-transcriptional in nature. Although we cannot rule out translational controls on 
subunit stoichiometry, as observed for some photosynthetic proteins (e.g., Rodermel, 1999), 
perhaps the simplest hypothesis is that AtFtsHl, AtFtsH2/VAR2, AtFtsH5/VARl, and 
AtFtsHS interact to form a complex and are turned-over when in excess. Consistent with this 
notion, the protein amounts in the upper and lower bands are stabilized in var2 mutants that 
overexpress AtFtsHS protein (Figure 6). This suggests that AtFtsH2/VAR2 and AtFtsHS are 
interchangeable in these complexes. Experiments are in progress to determine whether 
AtFtsH2/VAR2 and/or AtFtsHS are interchangeable with AtFtsHl and/or AtFtsH5/VARl. 
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One advantage of using Arabidopsis for structure/function studies of AtFtsH is that 
we have at our disposal an allelic series of var2 (Chen et al., 2000; Rodermel, 2001b). 
Because the var2-5 mutant has normal AtFtsH2/VAR2 mRNA levels, but low amounts of the 
mutant protein (Chen et al., 2000), it is likely that the lesion in the Walker binding site of 
AtFtsH2/VAR2 somehow renders the protein susceptible to proteolysis (Chen et ai, 2000). 
In the present studies, we found that some AtFtsH2/VAR2 complexes are smaller than 
normal in var2-5. Crystal structure experiments have revealed that the ATP binding domains 
of E. coli FtsH are sufficient to form complexes in vitro (Krzywda et al, 2002; Niwa et al, 
2002). If these studies can be extended to plants, it is possible that AtFtsH2/VAR2 forms 
oligomeric structures in vivo, but that the binding is weak, resulting in the formation of fewer 
than normal-sized complexes and the turnover of unassembled subunits. If this is the case, it 
is possible that the normal-sized complexes that are formed in the mutant are more 
susceptible to detergent treatment, resulting in the dispersed sizes of the AtFtsH bands on the 
gel filtration column. We are currently testing this hypothesis. 
E coli FtsH affects a wide range of activities (e.g., Akiyama et al., 1994; Gottesman 
et al, 1997; Granger et al, 1998). In accord with this diversity, FtsH proteins have been 
shown to act as chaperones as well as proteases (e.g., Akiyama et al., 1994, 1998; Arlt et al., 
1996; Shirai et al, 1996; Leonhard et al., 1999). Members of each pair of AtFtsH proteins in 
Arabidopsis are highly conserved. However, between pairs, the AAA cassette and zinc 
binding sites have the highest homology, with the lowest similarity in the large C-terminal 
portion of the protein that contains the zinc site (30% or less amino acid conservation). This 
suggests that the C-termini might confer different substrate specificities, and that the three 
pairs of plastid AtFtsH proteins might be involved in different, although not necessarily 
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mutually exclusive, processes. In support of this notion, putatively null mutations of varl and 
var2 give rise to variegated plants, but the extent of variegation differs markedly— varl has 
a slight variegation phenotype, while var2 has a pronounced variegation phenotype (Chen et 
al., 2000; Sakamoto et al., 2002). varl and var2 also have different responses to 
environmental conditions (Martinez-Zapater, 1993). It is our operating hypothesis that the 
phenotype of var2 is more severe than that of varl because AtFtsH2/VAR2 mediates either a 
wider range of plastid activities than AtFtsH5/VARl, more essential plastid activities than 
AtFtsH5/VARl, or that compensating activities are more effective in varl than var2. 
Curiously, putative knockout mutations in the other plastid AtFtsH genes do not show a 
readily discernible phenotype, at least under the conditions we have tested (data not shown). 
This suggests that these genes are compensated for by other activities and are not essential 
for plastid function, plant growth and development. 
Of the eight plastid AtFtsH proteins, only AtFtsHl, AtFtsH2/VAR2, and 
AtFtsH5/VARl have been characterized to any extent. AtFtsHl is able to degrade the 
photodamaged D1 protein of PSII, indicating that AtFtsHl is involved in photoprotection 
(Lindahl et al., 2000). Although the molecular mechanisms have not been characterized, a 
role for AtFtsH2/VAR2 and AtFtsH5/VARl in photoprotection can also been inferred from 
fluorescence studies in var2 and varl (Bailey et al., 2002; Sakamoto et al., 2002). That all 
three proteins mediate photoprotection, e.g, by degrading photodamaged Dl, makes sense in 
light of our hypothesis that these three proteins are involved in forming an oligomeric 
membrane complex; a lack of any of the three might compromise complex structure and 
function. 
Other than photoprotection and chloroplast biogenesis, little is understood about the 
functions of AtFtsH proteins. AtFtsH2/VAR2 might be involved in membrane fusion and/or 
translocation events (Hugueney et al., 1995; Chen et al., 2000), and FtsH homologs are 
involved in the hypersensitive response in tobacco (Seo et al., 2000). AtFtsHl is induced 
early in photomorphogenesis, and it has been suggested that it might be involved in the 
phytochrome A signal transduction pathway (Tepperman et al., 2001). Finally, a zinc-
dependent proteolytic activity, which might correspond to one or more AtFtsH proteins, is 
responsible for degrading unassembled Rieske FeS proteins in the thylakoid membrane 
(Ostersetzer and Adam, 1997). From these limited examples, it is clear that AtFtsH proteins 
mediate a variety of activities in plastids. 
Mechanism of var2 variegation 
One of the most intriguing facets of variegation mutants like var2 is that the 
vegetative cells of the plant are genetically identical (homozygous for the mutation), but the 
mutant phenotype is expressed only in a subset of cells, in a seemingly chaotic fashion. 
Previous studies have shown that the green sectors of var2 have normal-appearing 
chloroplasts (Chen et al., 2000), as well as normal chlorophyll a/b ratios and 77K chlorophyll 
a fluorescence spectra (Bailey et al, 2002). In the present study we found that the green 
sectors of var2-4 have seemingly normal protein profiles, with the exception of decreases in 
AtFtsH2/VAR2 (as expected), AtFtsHl and AtFtsH5/VARl. We do not know whether there 
are stoichiometric decreases in AtFtsHl and AtFtsH5/VARl in var2, or whether AtFtsHS is 
decreased in the mutant. Yet, the fact that normal chloroplasts form in cells that lack 
AtFtsH2/VAR2 suggests that these plastids have a compensating activity that is not found in 
the white plastids. 
We have previously proposed a threshold hypothesis to explain the mechanism of 
variegation in var2 (Chen et al., 2000). A revised model, based on the studies in this report, 
is illustrated in Figure 9. According to this model, AtFtsH2/VAR2 and AtFtsHS are 
interchangeable in the AtFtsH oligomer, and a threshold of oligomers is necessary for the 
formation of normal, green chloroplasts. We assume that wild type plastids have an excess of 
complexes while var2 green sectors have the threshold amount. We further assume that 
AtFtsHl and AtFtsH5/VARl are produced in normal amounts in the mutant, but that binding 
sites for these proteins are limited and hence nonassembled subunits are turned-over. These 
binding sites are restored, however, in the AtFtsH8 overexpression plant, where excess 
oligomers are again formed. 
To explain sector formation, we hypothesize that chloroplasts, once formed, divide 
then sort out to generate clones of cells containing all-normal chloroplasts (green sectors). In 
like manner, plastids that initially have sub-threshold amounts of the AtFtsH oligomeric 
complex are blocked in chloroplast biogenesis early in leaf development and fail to form 
normal thylakoids. These plastids ultimately become vacuolated and lack photosynthetic 
proteins, as well as AtFtsH complexes (Chen et al., 2000). The white plastids divide and sort 
out to generate clones of cells with all-white plastids (white sectors) (Tilney-Bassett, 1975). 
We hypothesize that the white plastids in var2 are not irreversibly damaged, since they are 
not maternally-inherited (Chen et al., 2000). In support of this notion, true leaves become 
greener as they age. The ability to convert from white to green suggests either that the 
threshold decreases as development proceeds, or that some plastids are capable of 
accumulating more complexes during leaf development. 
According to the hypothesis in Figure 9, the compensating activity that is responsible 
for green sector formation in var2 is AtFtsHS. This model assumes that AtFtsH2/VAR2 and 
AtFtsHS are normally present in AtFtsH oligomers, but that AtFtsHS concentrations differ 
from cell-to-cell. This would be especially important early in leaf development when 
chloroplasts are differentiating from proplastids, and plastids and cells are undergoing rapid 
divisions. The net result of such a patchiness of AtFtsH8 expression would be that not all 
plastids receive enough AtFtsHS to achieve a threshold activity: white or green sectors would 
form due to sorting-out of different plastid types commencing early in leaf development. A 
patchy expression pattern would be consistent with observations showing that plant genes 
often have a have a patchy, chaotic, expression profile in vegetative organs such as leaves 
(e.g., Nick et al., 1993). A situation analogous to the mechanism in Figure 9 might be the vdl 
(variegated and distorted leaf) mutant of tobacco, where it has been proposed that chaotic 
green sectoring arises as a consequence of the attainment of a threshold level of VDL activity 
due to expression of a closely-related VDL gene family member (Wang et al., 2000). VDL 
codes for a plastid DEAD box RNA helicase. 
In contrast to Figure 9, a different hypothesis to explain the var2 variegation is that 
plastids have an intrinsic variability in one or more processes that are affected by AtFtsH 
proteins. One candidate would be variability in rates of repair of damage to the D1 protein of 
PSII (D1 turnover), a process which is known to be affected by AtFtsHl, AtFtsH2/VAR2, 
and AtFtsH5/VARl (Lindahl et al., 1996; Bailey et al., 2002; Sakamoto et al., 2002). 
According to this hypothesis, varying concentrations of AtFtsH proteins might be compatible 
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within a certain range of rates to allow repair of D1 to occur (green plastids). However, a 
lack of AtFtsH2 might reduce the AtFtsH pool size below the threshold required by the repair 
mechanism in some plastids (i.e., when the rate of repair of damaged D1 exceeds the capacity 
of repair by the AtFtsH protein pool). This would result in photoinhibition and a catastrophic 
response (a white, photooxidized plastid). 
EXPERIMENTAL PROCEDURES 
Plant material 
Arabidopsis seeds (ecotype Columbia) were sown on commercial soil mix 
SUNSHINE (Sun Gro, Bellevue, WA). After two to three days of stratification, flats were 
placed into a growth room under continuous fluorescent lights (about 100 (imol m~2 sec"1) at 
about 22°C. Mutants used in the present studies included var2-l, var2-3 and var2-5 
(described in Chen et al, 2000); var2-4 (J. Barr, V. Brendel and S. Rodermel, unpublished 
data), and varl-1 (obtained from the ABRC). 
2-D green gel analysis 
Leaf tissues were collected from 3-week old Arabidopsis plants and chloroplasts were 
isolated as previously described (Chen et al, 2000) by grinding the tissue in 0.33 M Sorbitol, 
10 mM EOT A, 50 mM HEPES (pH8.0) using a Waring blender. The homogenate was 
centrifuged at 2600g for 3 min, and the chloroplasts were washed with 10 mM MOPS 
(pH8.0). Following centrifugation at 10,000g for 10 min, the pellet, which contains thylakoid 
membranes, was resuspended in 0.33 M Sorbitol, 50 mM HEPES (pH8.0), 5 mM MgCh. 
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Chlorophyll concentrations were then measured on the resuspended membranes 
(Lichtenthaler, 1987). All the steps were performed at 4°C under dim light. 
First dimension green gel analysis was carried out essentially as described by Allen 
and Staehelin (1991). After solubilization of the thylakoid membranes in a mixture of 
detergents (0.45% octyl glucoside, 0.45% decyl maltoside, 0.1% lithium dodecyl sulfate, 
10% glycerol, 2 mM Tris maleate, pH 7.0), samples corresponding to 45 pg chlorophyll were 
loaded onto a 3 mm 8% polyacrylamide (native) gel (MiniProtein II, Biorad). The gels were 
run at 4 °C at 10 mA for 90 min. For the second dimension, gel strips were cut out of the 
native gels and incubated in 2X SDS sample buffer (Laemmli, 1970) at 65°C for two hours, 
and SDS-PAGE was performed as described (Xu et al., 1994). The 2-D green gel analyses 
were repeated at least three times for each experiment. 
For Western immunoblotting, proteins were transferred from SDS polyacrylamide 
gels to nitrocellulose membranes (Immobilon-NC, Millipore, Billerica, MA) and probed with 
a VAR2 antibody using previously described procedures (Chen et al., 2000). SuperSignal® 
West Pico chemiluminescence kit (Pierce, Rockford, IL) was used for signal detection. The 
nitrocellulose membranes were stained after transfer with Ponciau S to examine loading 
efficiency and transfer quality. 
Gel filtration 
Thylakoid membranes corresponding to 100 p.g of chlorophyll were solubilized in 
110 pi of buffer containing 50 mM HEPES-KOH, pH 7.0, 10 mM NaCl and 1.5% Dodecyl-
P-D-maltoside for 15 min on ice. The samples were centrifuged at 14,000 rpm for 15 min to 
remove insoluble material, and the supematants were mixed with 150 (ig of ^-amylase as an 
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internal standard. The mixture was loaded onto a Bio-gel A-5m gel equilibrated with buffer 
containing 50 mM HEPES-KOH (pH 7.0), 150 mM NaCl and 0.5% Triton X-100. 1.5 ml 
fractions were collected, and 20 pi of each fraction was analyzed by 12% SDS-PAGE and 
Western immunoblot analysis using the AtFtsH2/VAR2 antibody. The films were scanned by 
densitometry to estimate signal strengths. 
MALDI-TOF mass spectrometry 
MALDI-TOF mass spectrometry was performed essentially as described (Porubleva 
et al., 2001). Briefly, Coomassie blue-stained protein spots were cut out from SDS 
polyacrylamide gels, washed, digested with trypsin and the peptides fragments were eluted 
from the gel. Mass spectra were obtained on a Voyager-DE Pro mass spectrometer 
(Perseptive Biosystems Inc.) using a-cyano-4-hydroxycinnamic acid as a matrix. Bradykinin 
and angiotansin were used as internal peptide standards for mass calibration. Mass spectra 
data were analyzed using the MS-Fit program (http://prospecter.ucsf.edu). Mass accuracy 
was set at 50 ppm; at this level, a minimum of four peptides are required for a database 
match. Unique fragments were identified by comparing the matched peptide fragments to 
annotated FtsH protein sequences. 
Plasmid constructs and transformations 
To generate an AtFtsH8 overexpression construct, an AtFtsH8 cDNA was amplified 
using pfx DNA polymerase (Invitrogen, Carlsbad, CA) with forward primer 
GAGAGCTCTCTTCTGCCAAATTCCACAG and reverse primer 
CAGAGCTCTGCTGTTACACAGTATGGGG (5M sites underlined). The forward primer is 
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-20 bp upstream from the initiation codon of the gene and the reverse primer is -60 bp 
downstream from the termination codon of the gene. The PCR product was digested with &/I 
and cloned into the Sstl site of pBlueScript. The resulting plasmid was sequenced for errors. 
The AtFtsH8 cDNA fragment was cut out from pBluescript using Sstl and cloned into a 
pBI121 binary vector that lacks the GUS gene. This vector contains the CaMV35 promoter. 
The resultant plasmid was named pBIl 11LF8C. To generate a var2-4 plant that 
overexpresses ATFtsH8, pBIl 11LF8C was mobilized into Agrobacterium tumefaciens and 
var2-4 plants were then transformed by the A. tumefaciens-mediated floral dip method 
(Clough and Bent, 1998). Kanamycin-resistant plants were selected at the T1 generation on 
plates containing IX MS salts, 1% sucrose, 0.8% agar, pH5.7 with 50 pg/ml kanamycin. 
PCR and Southern Blotting were performed to verify that the plants were transformed. 
Segregation of phenotypes was scored in the T2 generation; RNA and protein analyses were 
also performed using T2 generation plants. 
To generate promoter-GUS fusion constructs, upstream fragments of AtFtsH2 and 
AtFtsH8 were amplified using pfx DNA polymerase. An -2 kb AtFtsH2/VAR2 promoter 
region was amplified with forward primer CATCTAGACTCTCTTGTCATTGATCGATC 
and reverse primer CAGGATCCATCCAAAGAAGCCTTCACTAC (Xbal and BamHI sites 
underlined, respectively). In addition to upstream sequences, this fragment included approx. 
50 amino acids of the coding region of AtFtsH2/VAR2 downstream from the initiating ATG. 
An -1.2 kb AtFtsH8 promoter region was amplified with forward primer 
GATCTAGATGAGTCTGAGCTATGCAATC and reverse primer 
CAGGATCCATCCAAAGAAGCCTTCACAAC (Xbal and BamHI sites underlined, 
respectively). This fragment encompassed nearly all the intergenic region between the 5'-end 
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of AtFtsH8 and the 3' end of the gene immediately upstream. It also included approx. 50 
amino acids of the coding region of AtFtsH8 downstream from the initiating ATG. 
Both PCR products were digested with Xbal and BamHI and cloned into pBlueScript. 
The two promoter regions were then subcloned into the Xbal and BamHI sites of the binary 
vector pCB308 and fused in frame with the GUS coding sequence (Xiang et al., 1999). The 
two resulting constructs were named pCB308F2P (AtFtsH2) and pCB308F8P (AtFtsH8). 
pCB308F2P and pCB308F8P were transformed into wild type Arabidopsis (Col-0), also 
using the floral dip method (Clough and Bent, 1998). Because the selection marker for 
pCB308 is the BAR gene, one-week old T1 plants were sprayed with 0.5% glufosinate and 
0.05% Silwet-77, and herbicide-resistant plants were selected. Transformations were 
confirmed by PCR and genomic Southern blot analysis. T2 plants from two independent 
tansformations were used for GUS activity assays. GUS activities were assayed as described 
in Aluru et al. (2001). 
Manipulations of DNA and RNA 
Genomic DNA was isolated and digested with Hind III. Southern blot analyses were 
performed as described in Wetzel et al. (1994), using NPTII as a probe. 
Total cell RNA was isolated from plants using the Concert Plant RNA Reagent 
(Invitrogen, Carlsbad, CA). Semi-quantitative RT-PCR was carried out essentially as 
described by Staiger et al. (2003). In brief, the RNA was reverse transcribed using 
SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA). The RT 
reaction products were diluted ten times and the PCR reactions were performed at 32 cycles 
in a total volume of 50 pi. This is within the linear range of amplification for each of the 
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fragments examined. Gene specific primers for AtFtsHl were 
GTCTCAAGACGAAAATTCGC and GCCTGAAAAGCAAGAAGAGT. Gene specific 
primers for AtFtsH2/VAR2 were ACTCTCATCTGTAATCGATA and 
ACCAATCAAGTTGAATAACAC. Gene specific primers for AtFtsH5/VARl were 
CAACCACCAGCACCAACCAT and CTCT AA AG AG AT A A A AC A ACC. Gene specific 
primers for AtFtsHS were TCTTCTGCCAAATTCCACAG and 
CCCAATCAAGTTGAGTATTGG. Gene specific primers for the Actin 2 gene were 
TCAAAGACCAGCTCTTCCATCGAGA and ACACACAAGTGCATCATAGAAACGA. 
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FIGURE LEGENDS 
Figure 1. Phylogenetic analysis and gene structures of Arabidopsis AtFtsH genes. 
Full-length Arabidopsis AtFtsH protein sequences were aligned using the Clustal W program 
and the aligned sequences were analyzed by the Mega 2.1 program (Kumar et al., 2001; also 
online http://www.megasoftware.net). The neighbor-joining method was used to construct 
the phylogenetic tree. The four FtsH homologs from Synechocystis PCC6803 are included for 
comparative purposes (Kaneko et al., 1996). The four highly-conserved pairs of AtFtsH 
genes are indicated in bold; the structures of these eight genes are shown. Boxes represent 
exons and lines represent introns. Blue and purple regions are organelle targeting sequences 
(C, chloroplast; M, mitochondrion); green regions are the AAA cassette domains; and orange 
regions are the zinc binding sites. The black line underneath each gene represents 500 base 
pairs. 
Figure 2. Two-dimensional green gel analysis of wild type Arabidopsis thylakoid 
membranes. 
(a) A representative first dimension (native) green gel and a representative second dimension 
gel are shown. The pattern of bands on the native gel is similar to that reported by others 
(e.g., Allen and Staehelin, 1991) and was used for preliminary identification of each 
chlorophyll-protein complex. To confirm these designations, mass spectrometry was 
performed on 17 representative spots from the 2-D gel. 
(b) The boxed region of the 2-D gel in (a) was subjected to Western immunoblot analysis 
using the VAR2 antibody. The signal extends from a region that has a molecular weight 
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somewhat larger than the a and (3 subunits of the plastid ATP synthase complex (-55 kDa, 
spot 4 in Figure 2a), consistent with a predicted MW of 74 kDa for monomeric VAR2 (Chen 
et al., 2000), to a region that is larger than PSI (>200 kDa) (Chitnis, 2001). 
Figure 3. Gel filtration analysis of wild type and var2-5 thylakoid membranes. 
Arabidopsis thylakoid membranes were fractionated with dodecyl-maltoside and subjected to 
gel filtration. The fractions were electrophoresed through 12% SDS PAGE, and the gels were 
either immunoblotted using the VAR2 antibody (a) or stained with Coomassie blue (b) to 
show the position of the internal (3-amylase standard (-200 kDa). In (a), relative band 
intensities were measured by densitometry. Numbers beneath panel (a) indicate the fraction 
numbers. The higher the fraction number the lower the molecular weight. 
Figure 4. 2-D green gel analysis of AtFtsH protein abundance in wild type, varl and var 2. 
(a) Mass spectrometry was conducted on the "upper" and "lower" bands of 2-D green gels. 
AtFtsHl and 5 migrate in the "upper" band and AtFtsH2/VAR2 and 8 in the "lower" band. 
For each band, seven or eight identical peptides were identified and two or three unique ones. 
The table shows examples of the unique peptides for each of the four AtFtsH proteins. For 
each protein, the fragment identified by mass spectrometry (bold) is compared with the 
sequence of the corresponding fragment in the homolog. The amino acid differences are 
underlined. 
(b) Comparison of the "upper" and "lower" bands of wild type and var2-4. Equal amounts of 
chlorophyll were loaded on the native gels. 
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(c) Comparison of the "upper" and "lower" bands of wild type and varl-1. Equal amounts of 
chlorophyll were loaded on the native gels. 
Figure 5. AtFtsH mRNA accumulation in wild type, varl, var2 and C2W8No3. 
Total cell RNA was isolated from wild type leaves (WT), from leaves of the AtFtsH8 
overexpression plant (C2W8No3), and from the green leaf sectors of varl-1 and var2-4. 
RNA amounts were determined by semi-quantitative RT-PCR as described in Experimental 
procedures. The RT-PCR products were electrophoresed through 1.5% agarose gels and 
stained with ethidium bromide. Expression of Actinl was used as control. 
Figure 6. Complementation of var2-4 by overexpression of AtFtsH8. 
(a) Phenotypes of wild type, var2-4 and var2-4 transformed with an AtFtsH8 cDNA under 
the control of the CaMV 35S promoter (C2W8No3). A T2 generation C2W8No3 plant is 
shown. All the plants were three weeks old. 
(b) Southern blot of wild type and C2W8No3. Genomic DNAs were isolated from wild type 
and C2W8No3 T2 plants, and Southern blot analysis was performed using the NPTII gene 
(kanamycin-resistance) as a probe. NPTII is the selective marker for the T-DNA construct. 
(c) Comparison of the "upper" and "lower" bands in 2-D green gels of wild type and 
C2W8No3. Equal amounts of chlorophyll were loaded on the native gels. 
(d) Comparison of VAR2/AtFtsH8 protein abundance in wild type, var2-4 and C2W8No3. 
The immunoblot was probed with VAR2 antibody and thylakoid membranes corresponding 
to 5pl chlorophyll was loaded in each lane. 
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Figure 7. AtFtsH2/VAR2 and AtFtsH8 expression patterns revealed by promoter-GUS fusion 
analysis. 
GUS activities in AtFtsH2/VAR2 and AtFtsH8 promoter-GUS fusion plants were determined 
by histochemical staining of 10 day-old seedlings (a and b), young folly-expanded leaves (c 
and d), old folly-expanded leaves (e and f), and flowers (g and h). 
Figure 8. Profiles of AtFtsH2/VAR2 and AtFtsH8 mRNA accumulation. . 
Total cell RNAs were isolated from cotyledons (CT), rosette leaves (RL), roots (RT), floral 
stems (ST), cauline leaves (CL), flowers (FL) and siliques (SL). RNA amounts were 
determined by semi-quantitative RT-PCR as described in Experimental procedures. Equal 
volumes of the RT-PCR products were electrophoresed through 1.5% agarose gels and 
stained with ethidium bromide. Actin2 gene expression served as a control. 
Figure 9. Mechanism of var2 variegation. 
The data in this report suggest that AtFtsHl, 2, 5 and 8 form complexes in thylakoid 
membranes. A hexameric structure is shown, after the proposed E. coli structure (Akiyama et 
al., 1995). We assume the wild type contains an excess number of complexes and that these 
complexes are decreased in amount in var2 mutants. The chloroplasts in the green sectors of 
var2 are proposed to have threshold amounts of the complex, while plastids in the white 
sectors have sub-threshold amounts. A threshold is necessary for proper chloroplast 
biogenesis. AtFtsHB and AtFtsH2/VAR2 are interchangeable, and thus the number of 
complexes is restored to normal in var2 plants that overexpress AtFtsH8. In the model, 
AtFtsHS is hypothesized to provide the VAR2 redundant function. We propose that AtFtsHS 
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is normally expressed in a patchy manner, such that not all chloroplasts receive an amount 
that allows them to attain the threshold and turn green. 
Table 1. Arabidopsis AtFtsH gene family. 
Twelve AtFtsH genes were identified. The NCBI accession number for each gene is shown. 
Cellular locations and transit peptide lengths were predicted using the Target P program 
(Emanuelsson et al., 2000); "C", chloroplast and "M", mitochondrion. Question marks 
indicate that a transit peptide sequence cannot be detected by the targeting program. Shown 
in the parentheses are the predicted sizes of the mature proteins after removal of the putative 
transit peptides. It should be noted that some of the protein sizes in Table 1 differ from those 
reported by us in Adam et al. (2001). The changes are based on the latest annotation of the 














AtFtsHl Atlg50250 NM_103909 716 (668) c 
AtFtsHZ At2g30950 AC004669 695 (648) c 
AtFtsH3 At2g29080 NM_128465 807 (753) M 
AtFtsH4 At2g26140 NM_128172 717 ? 
AtFtsHS At5g42270 NM_123592 704 (646) C 
AtFtsH6 At5gl5250 NM_121529 687 (612) C 
AtFtsH? At3g47060 NM_114573 802 (747) c 
AtFtsHS Atlg06430 NM_100523 685 (648) c 
AtFtsH9 At5g58870 NM_125277 806 (744) c 
AtFtsHl 0 Atlg07510 NM_100625 813 (817) M 
AtFtsHl 1 At5g53170 NM_124696 806 9 
AtFtsHl 2 Atlg79560 NM_106604 1008 (959) c 
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(a) Proteins Unique fragments 
AtFtsHl 125 SSDLPEGSQWR 135 
115 SSDLPDGIQWR 125 (AtFtsHS) 
AtFtsHS 
(VAR1) 
146 DGSVLQLTAVDNR 158 
156 DGSWQLTAVDNR 168 (AtFtsHl) 
AtFtsHZ 
(VAR2) 
655 ETIGGDEFR 663 
648 ETMSGDEFR 656 (AtFtsHS) 
AtFtsHS 622 AYEIALSQIR 631 
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CHAPTER III. FUNCTIONAL REDUNDANCY OF ATFTSH 
METALLOPROTEASES IN THYLAKOID MEMBRANE COMPLEXES 
A paper published in Plant Physiology, 2005, 138: 1957-1966 
Fei Yu, Sungsoon Park, and Steven R. Rodermel 
ABSTRACT 
FtsH is an ATP-dependent metalloprotease found in bacteria, mitochondria and 
plastids. Arabidopsis contains twelve AtFtsH proteins, three in the mitochondrion and nine in 
the chloroplast. Four of the chloroplast FtsH proteins are encoded by paired members of 
closely-related genes {AtFtsHl & 5, and AtFtsH2 & 8). We have previously reported that 
AtFtsH2 & 8 are interchangeable components of AtFtsH complexes in the thylakoid 
membrane [Yu et al., Plant Journal 37: 864-876 (2004)]. In this report we show that the varl 
variegation mutant, which is defective in AtFtsHS, has a stoichiometric reduction in the 
AtFtsH2 & 8 pair, and that the stoichiometry of both pairs is restored to normal in varl plants 
that overexpress AtFtsHl. Overexpression of AtFtsHl, but not AtFtsH2/VAR2, normalizes 
the pattern of varl variegation, restoring a non-variegated phenotype. We conclude that 
AtFtsH proteins within a pair, but not between pairs, are interchangeable and functionally 
redundant, at least in part. We further propose that the pairs are in mutually-dependent 
balance, with excess subunits being turned-over. The variegation phenotype of varl (as well 
as var2, which is defective in AtFtsH2) suggests that a threshold concentration of subunits is 
required for normal chloroplast function. AtFtsHl, 2, 5 and 8 do not show evidence of tissue 
or developmental-sepcific expression. Phylogenetic analyses revealed that rice and 
Arabidopsis share a conserved "core" of 7 FtsH subunit genes, including the AtFtsHl & 5, 
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and AtFtsH2 & 8 pairs, and that the structure of the present-day gene families can be 
explained by duplication events in each species following the monocot/dicot divergence. 
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INTRODUCTION 
FtsH is an ATP-dependent metalloprotease that is ubiquitious among prokaryotes and 
eukaryotes (Beyer, 1997). It is named for the distinctive filamentation temperature sensitive 
phenotype that a mutation in the gene for FtsH causes in E.coli (Suzuki et al., 1997). Among 
prokaryotic and eukaryotic photosynthetic organisms, FtsH genes are members of multigene 
families. There are 12 members of this family in Arabidopsis (AtFtsH genes), nine of which 
are targeted to the chloroplast (AtFtsH 1/2/5/6/7/8/9/11/12) and three to the mitochondrion 
(AtFtsH 3/4/10) (Lindahl et al., 1996; Chen et ai, 2000; Sakamoto et al., 2003; Yu et al., 
2004). Eight of the 12 proteins comprise four pairs of highly-homologous enzymes 
(Sakamoto et al., 2003; Yu et al., 2004). These homologs likely arose by duplication events 
that occurred during the evolution of the Arabidopsis genome (Vision et al., 2000). The 
organization of monocot FtsH gene families has not been reported. 
Reverse and forward genetics experiments have revealed that most AtFtsH mutants 
do not have readily visible phenotypes (Sakamoto et al., 2003; F. Yu and S. Rodermel, 
unpublished). Notable exceptions include the varl and varl variegation mutants of 
Arabidopsis (Martinez-Zapater, 1993; Chen et al., 1999; Chen et al., 2000; Takechi et al., 
2000; Rodermel, 2001; Sakamoto et al., 2002). Whereas cells in the green leaf sectors of 
these mutants contain morphologically normal chloroplasts, cells in the white sectors contain 
vacuolated plastids lacking organized lamellae. At least in the case of var2, the white sectors 
are heteroplastidic and contain rare, normal-appearing chloroplasts in addition to the white 
plastids (Chen et al., 1999). This "plastid autonomy" suggests that plastids do not respond 
similarly in the mutant background. The distinctive phenotypes of varl and var2 permitted 
the cloning of the responsible genes, viz., AtFtsH5 and AtFtsH2, respectively (Chen et al., 
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2000; Takechi et al., 2000; Sakamoto et al., 2002). Because varl and var2 have uniform 
genetic constitutions, a major question is how cells in the green sectors are able to bypass the 
requirement for AtFtsHS (in the case of varl) or AtFtsH2 (in the case of varl) during the 
process of chloroplast biogenesis. 
One consequence of the dearth of AtFtsH mutants is that little is known about the 
functions of FtsH in higher plants. FtsH-like proteins have been implicated in the degradation 
of unassembled cytochrome b6f Rieske FeS proteins in the thylakoid membrane (Ostersetzer 
and Adam, 1997). The first identified activity of FtsH came from in vitro studies in the Adam 
group showing that AtFtsHl is involved in the D1 repair cycle of PSII, where it catalyzes the 
proteolytic degradation of photodamaged D1 proteins (Lindahl et ai, 2000). AtFtsH2 & 5 
also appear to be involved in photoprotection, inasmuch as var2 and varl are more sensitive 
than wild type to PSII photoinhibition, and D1 degradation is slowed in var2 (Bailey et al., 
2002; Sakamoto et ai, 2002). AtFtsH2 might also be involved in membrane fusion and/or 
translocation events since it bears high similarity to the pepper Pftf (Plastid fusion and/or 
translocation factor) protein (Hugueney et al., 1995; Chen et al., 2000). 
We now know that AtFtsH is present in multimeric forms in plastid membranes 
(Sakamoto et al., 2003; Yu et ai, 2004). We also reported that two AtFtsH-containing bands 
migrate near one another on two dimensional green gels of Arabidopsis thylakoid membranes 
(Yu et al., 2004). These bands contain the products of two of the three plastid AtFtsH gene 
pairs — an "upper" band (containing AtFtsHl + 5) and a "lower" band (containing AtFtsH2 + 
8). We observed that both bands are decreased in amount in var2, and further, that the levels 
of these bands are restored to normal in transgenic var2 that overexpress AtFtsH8. 
Overexpression of AtFtsH8 also rescues the variegation phenotype of var2, indicating that 
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AtFtsHZ & 8 are functionally redundant, at least in part. Both genes have similar expression 
patterns, being abundantly expressed in photosynthetic tissues (Yu et al., 2004). 
Based on these data, we suggested a model in which AtFtsH2 & 8 are functionally 
interchangeable and are capable of stabilizing AtFtsHl & 5 in the thylakoid membrane (Yu 
et al., 2004). In support of this model, Sakamoto et al. (2003) demonstrated via co-IP that 
AtFtsH2 and 5 might interact directly and AtFtsH2 might also exist as homocomplexes. 
However, one caveat of the co-IP experiments was that both AtFtsH2 and AtFtsHS 
antibodies are polyclonal and can also detect AtFtsHS and AtFtsHl, respectively (Sakamoto 
et al., 2003). The purpose of the present investigation was to test elements of our model. 
First, we wanted to assess the functional relatedness of AtFtsHl and AtFtsHS: are they 
interchangeable? Do they have similar expression patterns? Second, we wanted to test 
whether members of the AtFtsH2 & 8 pair are interchangeable with members of the AtFtsHl 
& 5 pair. Finally, we wanted to take advantage of the nearly-complete genome sequence of 
rice to ask whether the two AtFtsH pairs are unique to Arabidopsis, or whether they have a 
broader significance in FtsH complex formation. 
RESULTS 
Interchangeability of subunits in the upper AtFtsH-containing band 
AtFtsHl and AtFtsH5 are the most closely-related members of the AtFtsH gene 
family in Arabidopsis (-90% amino acid identity). Based on our previous results showing 
that another closely-related AtFtsH gene pair - AtFtsH2 and AtFtsH8 — have redundant 
functions, we wanted to examine whether the same is true for AtFtsHl and AtFtsH5. To test 
this hypothesis, we overexpressed AtFtsHl in the varl-1 variegation mutant, which defines 
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the AtFtsH5 locus (Figure 1 A) (Sakamoto et al., 2002). The varl-1 allele has a nucleotide 
insertion in its N-terminus that is predicted to generate an early stop codon; if stable, a 
truncated translation product would be produced lacking most of the functional domains of 
the protein. Because AtFtsH5 mRNAs are not detectable, varl-1 is likely a null allele 
(Sakamoto et al., 2002). 
Figure 1A shows the results of the overexpression experiments. Full-length AtFtsHl 
cDNAs were amplified by RT-PCR, cloned into a binary vector under the control of CaMV 
35S promoter, and transformed into varl-1 via Agrobacterium-mediated transformation. A 
number of kanamycin-resistant lines were identified in the T1 generation; all resembled wild 
type plants. A representative line, designated C5WlNo2, was selected for further study 
(Figure 1 A). Southern blot analysis revealed that this line contains a single T-DNA insertion 
(Figure IB). This is in accord with genetic data showing that selfing of C5WlNo2 gives rise 
to green and variegated T2 progeny in a ratio of approximately 3:1 (data not shown). Green, 
T2 progeny were used in the experiments described below. 
Whereas the data in Figure 1A are consistent with the idea that overexpression of 
AtFtsHl rescues the variegation phenotype of varl-1, it was necessary to confirm this at the 
level of AtFtsHl expression. Semi-quantitative RT-PCR analyses (Figure 1C) revealed that 
the transcript levels of AtFtsHl are sharply elevated in C5WlNo2 compared to varl-1. By 
contrast, AtFtsH2 and AtFtsH8 mRNA levels are unaffected in the overexpressor. As 
anticipated, only trace amounts of the AtFtsH5 transcript are present in varl-1 (Sakamoto et 
al., 2002) and C5WlNo2. 
To examine protein accumulation in the overexpression plants, we performed 2-D 
green gel analyses of Arabidopsis thylakoid membrane proteins. Previous studies have shown 
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that two AtFtsH-containing bands can be resolved on green gels of Arabidopsis thylakoids: 
"upper" and "lower" bands consisting, respectively, of AtFtsHl + 5 and AtFtsH2 + 8 (Yu et 
al., 2004). Whereas both AtFtsH-containing bands are reduced in abundance in varl-1 
(Figure 2A), they are restored to normal in C5WlNo2 (Figure 2B). To confirm this finding, 
we performed Western immunoblot analyses on thylakoid membrane proteins fractionated by 
one dimensional SDS-PAGE. To enable us to detect AtFtsHl specifically, we generated an 
antibody against a peptide that is unique to AtFtsHl (see Materials and Methods). This 
antibody reacts with AtFtsHl proteins that are expressed in E. coli, but not with E. coli-
expressed AtFtsHS or AtFtsH2 (data not shown). We detected similar levels of AtFtsHl in 
wild type and varl-1 but a significant increase in C5WlNo2 (Figure 2C). Western 
immunoblots were also probed with an antibody that detects both AtFtsH2 and 8 (Yu et al., 
2004). As illustrated in Figure 2D, the band containing AtFtsH2 + 8 is decreased in amount 
in varl-1, but is present at normal levels in C5WlNo2. 
Examination of the patterns of protein expression on the 2-D green gels revealed that, 
with the exception of the AtFtsH-containing bands, there were no significant differences in 
protein accumulation among the overexpression, wild type and varl-1 plants (data not 
shown). To verify this conclusion, we generated polyclonal antibodies to representative 
thylakoid proteins, including the D1 protein of PSII, cytochrome b6f Rieske protein (PetC), 
and the alpha subunit of the plastid membrane ATP synthase. Figure 2D shows that the 
steady state levels of all three proteins are similar in the three plants. This suggests that an 
alteration in AtFtsH protein abundance does not have major pleiotropic effects, at least in the 
green leaf sectors of the mutants. 
Using polyclonal AtFtsH5/VARl and AtFtsH2/VAR2 antibodies, it was reported that 
VAR1 and VAR2 might directly interact (Sakamoto et al, 2003). With the available of 
AtFtsHl specific antibody we wanted to test whether AtFtsHl and AtFtsH2/VAR2 interact, 
as predicted in our chloroplast FtsH complex model (Yu et al, 2004). 
Coimmunoprecipitation using both AtFtsHl and AtFtsH2/VAR2 antibodies were carried out. 
We detected AtFtsH2/VAR2 signal in both AtFtsHl and AtFtsH2/VAR2 immunoprecipitates 
(Figure 2E). Conversely, AtFtsHl was also detected in both AtFtsHl and AtFtsH2/VAR2 
immunoprecipatates (Figure 2E). Our data suggest that, like AtFtsH5/VARl, AtFtsHl also 
interacts with AtFtsH2/VAR2. 
Considered together, the data in Figures 1 and 2 show that AtFtsHl overexpression 
rescues the varl-1 variegation phenotype. This suggests that AtFtsHl and 5 are 
interchangeable in thylakoid membranes. The data also show that the protein levels in the 
upper and lower bands have the same stoichiometry in wild type, varl-1 and the 
overexpression plants. Control of stoichiometry likely occurs post-transcriptionally, since the 
overexpression plants have normal levels of AtFtsH2 + 8 mRNAs, but reduced amounts of 
AtFtsH 2 + 8 proteins. Perhaps the simplest hypothesis is that AtFtsHl is interchangeable 
with AtFtsHS in AtFtsH complexes, and that AtFtsHl exerts its effect by stabilizing AtFtsH2 
+ 8 in the membrane. 
One prediction of the above hypothesis is that downregulation of AtFtsHl protein 
levels in a varl-1 background should result in plants with a more severe phenotype than 
varl-1. A complete lack of AtFtsHl & 5 might be lethal if these proteins are essential for 
viability. To test this, we transformed varl-1 with an antisense AtFtsHl cDNA driven by the 
CaMV 35S promoter. A number of antibiotic-resistant T1 lines were selected and selfed. 
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Figure 3 shows the T2 progeny from a representative T1 line. These plants have a variety of 
color phenotypes that range from variegations similar to varl-1 (Figure 3A) to partially-
albino (Figure 3B, 3C and 3D) and completely-albino (Figure 3E and 3F). PCR was used to 
confirm the presence of antisense construct in these plants (data not shown). However, we 
did not directly assess antisense copy number or AtFtsHl protein levels in the T2 plants, one 
reason being the extremely low levels of AtFtsHl, even in the varl-1 plants (see Figure 2C). 
Nonetheless, these results are consistent with the idea that downregulation of AtFtsHl in a 
background that lacks AtFtsHS can be lethal. 
Expression of AtFtsHl and AtFtsH5 
To examine AtFtsHl and AtFtsH5 expression, we generated transgenic Columbia 
plants that express AtFtsHl promoter-GUS and AtFtsH5 promoter-GUS fusions. Figure 4 
shows that GUS activities are similar in seedlings (Figures 4A and 4C) and fully-expanded 
older leaves in both sets of transformants (Figure 4B and 4D). Examination of other growth 
stages did not reveal obvious staining differences between the two constructs (data not 
shown). We conclude that AtFtsHl and AtFtsH5 promoter activities are similar to one 
another, and that these genes are ubiquitously expressed, especially in green organs of the 
plants.These expression patterns resemble those of AtFtsH2 and AtFtsH8, as previously 
reported (Yu et al, 2004). 
Interchangeability of subunits between the upper and lower AtFtsH-containing bands 
Considered together with previous results (Yu et al., 2004), the current data suggest 
that AtFtsH forms multimeric complexes in thylakoid membranes, and that these complexes 
contain at least two pairs of interchangeable subunits: AtFtsH2 + 8 (lower band) and 
AtFtsHl + 5 (upper band). The question arises whether FtsH homologues in different pairs 
are interchangeable. To address this question, we tested whether overexpression of AtFtsH2 
can rescue the varl variegation phenotype, i.e., whether AtFtsH2 can substitute for AtFtsHS. 
For these experiments we generated a construct in which the full-length AtFtsH2 cDNA was 
placed under the control of the CaMV 35S promoter, then transformed into varl-1. As a 
control, the construct was transformed into the var2-4 variegation mutant, which lacks 
AtFtsH2. Figures SB and 5D show that AtFtsH2 transcripts are significantly elevated in both 
sets of transformed plants. Yet, AtFtsH2 overexpression is only able to rescue the var2-4 
variegation (Figure SA). A failure to rescue the varl-1 variegation was observed in multiple 
lines examined (Figure SC). Perhaps the simplest hypothesis is that AtFtsH2 cannot 
substitute for AtFtsHS. If so, we hypothesize that AtFtsH2 mRNAs are translated in varl-1, 
since they appear to be translatable in var2-4. However, we suggest that AtFtsH2 proteins are 
turned over post-translationally because there are not enough compatible partners (AtFtsHl 
in varl-1) to form stable complexes. Western immunoblots of thylakoid membrane samples 
show that at steady level, AtFtsH2 and AtFtsHl are present at comparable levels in both 
varl-1 and varl-1 transformed with AtFtsH2 overexpression construct (Figure 5D), 
suggesting that the presence of a competent AtFtsH2 overexpression construct in varl-1 does 
not lead to the accumulation of extra AtFtsH2/VAR2 protein. 
OsFtsH gene family in rice 
At least three different efforts are underway to sequence the rice genome (about 420 
megabases in size), and draft sequences have been published from the japonica cultivar 
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(-389 megabases) (Goff et al., 2002) and from the indica cultivar (-361 megabase) (Yu et 
al., 2002). In addition, the Institute for Genomic Research (TIGR) has recently released its 
third version (December 30, 2004) of annotations of pseudomolecules (virtual contigs) from 
the International Rice Genome Sequencing Project (IRGSP) 
(http://rgp.dna.affrc.go.jp/IRGSP/index.html). encompassing -370 megabases of the genome. 
This resource is easy to access (http://www.tigr.org/tdb/e2kl/osal/). To determine the FtsH 
gene complement in rice (OsFtsH genes), we searched the annotated pseudomolecule 
database and identified a total of nine FtsH-homologues, designated OsFtsH 1 through 
OsFtsHÇ (Table I). All nine appear to be expressed, insofar as each is represented in the 
databases by cDNAs and expressed sequence tags (ESTs). 
Figure 6 shows the phylogenetic relatedness of the nine OsFtsH genes compared to 
the 12 A. thaliana AtFtsH genes and four Synechocystis FtsH genes that are present in the 
fiilly-sequenced genomes of the latter two organisms. Full-length protein sequences were 
used in the analyses. Several features can be discerned. First, for every Arabidopsis AtFtsH 
gene (or closely-related gene pair), there is a corresponding gene (or gene pair) in rice, 
except for AtFtsHl2. Second, there are four closely-related Arabidopsis gene pairs— 
AtFtsH 1/5, AtFtsH2/8, AtFtsH3/10 and AtFtsH?79, of which three are localized in plastids 
and one in the mitochondrion. The only conserved pair is the mitochondrial pair (AtFtsH3 
and AtFtsHIO in Arabidopsis, OsFtsH3 and OsFtsH8 in rice). The products of the other three 
Arabidopsis gene pairs are represented by single genes in rice. A unique feature of the 
organization of the OsFtsH gene family is that OsFtsH4 and OsFtsH5 are tandemly-arrayed 
on the genome, suggesting they arose by a duplication event; in Arabidopsis, a single locus 
(AtFtsH4) corresponds to these genes. Collectively, the data in Figure 6 suggest that there is 
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a "core" complement of higher plant FtsH genes and that the emergence of this "core" 
predates the monocot/dicot divergence. However, elaborations on this core occurred during 
the subsequent course of evolution. 
Comparison of the predicted gene structures of the nine OsFtsH genes from the 
annotated pseudomolecule sequences with the sequences of cDNAs and ESTs revealed that 
the TIGR annotations of intron/exon borders are largely correct with only a few 
discrepancies (data not shown). However, a comparison of the structures of the rice and 
corresponding Arabidopsis genes reveals a striking conservation of intron/exon borders and 
exon size. For instance, Figure 7 shows the structural conservation of the two sets of plastid-
localized proteins in the "upper" and "lower" bands of the 2-D gels. This conservation is 
consistent with the idea that FtsH gene families in higher plants evolved from a common 
core of conserved enzymes. 
Also consistent with the idea of a "core" are the results of 2-D green gel analyses of 
thylakoid membranes isolated from rice (a monocot) and pea (like Arabidopsis, a dicot) 
(Figure 2A). Similar to Arabidopsis, "upper" and "lower" FtsH-containing bands are present 
in both of these species (Figure 8A). This was confirmed by Western immunoblot analyses of 
the 2-D gels using our AtFtsH antibodies (Figure 8B). 
DISCUSSION 
Subunit interchangeability: gene duplication and redundant functions 
E. coli has one FtsH gene, cyanobacteria have four (Kaneko et al., 1996), rice has at 
least nine (Table I) and Arabidopsis twelve (Figure 6). Why are so many FtsH genes needed 
95 
in higher plants? The present data show that a "core" complement of 7 FtsH genes was in 
place by the time of the monocot/dicot divergence (see Figure 7). Some of these "core" genes 
subsequently became duplicated in Arabidopsis or rice. These include the genes in the upper 
and lower bands of the 2-D gels. One hypothesis is that the various FtsH proteins became 
specialized in their activity. For instance, the chaperone activity of FtsH normally acts to 
promote the protease activity of the enzyme (Suzuki et al., 1997). However, it is possible the 
enzyme could act independently as a chaperone, as found in the Clp class of proteases 
(Nielsen et al., 1997). We found that members of the 2/8 and 1/5 duplicated pairs in 
Arabidopsis are interchangeable, while proteins of different pairs are not interchangeable. 
This lack of interchangeability does not necessarily mean that the members of the two pairs 
have different functions, e.g., it could simply signify an inability to assemble efficiently. 
Nevertheless, whether the two have similar, or different functions is now under investigation. 
Another hypothesis is that multicellularity required a sub-specialization of function 
such that it became necessary for the various FtsH gene family members to differ in the 
timing- and/or cell-specificity of their expression. In this respect, it is interesting that all four 
AtFtsH genes (AtFtsHl, 2, 5 & 8) have similar expression profiles, with abundant expression 
in green organs of the plant. Although our experiments were not refined enough to allow us 
to detect cell-specific differences in expression, it is curious that one member of each pair is 
more highly expressed than the other at both the mRNA and protein levels, i.e., AtFtsH2 is 
more highly expressed than AtFtsH8, while AtFtsH5 is more highly expressed than AtFtsHl. 
This can be inferred from a recent report on gene expression and protein products 
accumulation profiles of AtFtsH genes (Sinvany-Villalobo et al., 2004), as well as from our 
2-D green gel experiments showing that generally the mutation of AtFtsH2 has a more 
dramatic effect on FtsH protein levels than that of AtFtsH5 mutation (e.g., Figure 2C, Yu et 
al., 2004). The differential expression of these genes is also reflected in mutant phenotypes: 
null mutants of AtFtsH2 and AtFtsH5 are variegated, whereas null (T-DNA insertion) 
mutants of AtFtsHl and AtFtsH8 have no obvious phenotypic changes (Sakamoto et al., 
2003; F. Yu and S. Rodermel, unpublished). 
Although we do not understand the reason for the quantitative differences in 
expression among the various AtFtsH genes, our data indicate that chloroplast biogenesis 
requires AtFtsH complexes with two types of subunits (AtFtsH2 + 8) and (AtFtsHl + 5). As 
discussed below, the attainment of threshold concentrations of these subunit-types might be 
critical. If so, processes that promote this might have been important during evolution (e.g., 
increased gene copy number, increased expression levels). In this context, our data are 
reminiscent of Rubisco, where the large size of the nuclear rbcS (small subunit) gene family 
has been attributed, in part, to the need to obtain high Rubisco concentrations in the 
chloroplast, rather than to a need for individual gene specialization (reviewed by Rodermel, 
1999). 
Mechanism of variegation 
The data in the present study confirm and extend a model of variegation in which 
chloroplast function requires a threshold concentration of AtFtsH multimers (Yu et al., 
2004). Below this threshold, a white plastid forms, while above this threshold, a normal 
chloroplast is produced. According to our revised model, AtFtsH complexes contain two 
types of subunits- AtFtsH2 & 8 and AtFtsHl & 5. Because alterations in AtFtsH protein 
abundance do not influence AtFtsH transcript abundance, we propose that levels of the 
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AtFtsHl +5 pair are matched with those of the AtFtsH2 + 8 pair, and that excess subunits are 
turned-over. In cells in which the number of AtFtsH complexes is below the threshold, 
chloroplast differentiation is impaired, leading to the generation of white plastids. 
Conversely, plastids with threshold or higher levels of AtFtsH complex formation develop 
normal chloroplasts. We speculate that these "decisions" occur during the conversion of 
undifferentiated proplastids in the leaf meristem into mature chloroplasts early in leaf 
development. The process of sorting-out of dividing plastids would then result in the 
generation of clones of white plastids and cells (white sectors) or clones of chloroplast-
containing cells (green sectors). Sakamoto et al. also suggested that some AtFtsH2 may form 
homocomplexes based on co-IP data (Sakamoto et al., 2003). This is not completely 
unexpected because AtFtsH2 is the most abundant FtsH subunit in the complex and probably 
a single FtsH complex would contain more than one copy of AtFtsH2 that could interact with 
each other as well. 
If our model is correct, there are at least two possibilities to explain the threshold 
phenomenon. One is that there is unequal partitioning of a nuclear gene product to the 
plastids (>100) within a cell. For instance, in the case of varl, there could be unequal 
partitioning of AtFtsHl, with some plastids receiving more of this protein than others. An 
alternative explanation is that all plastids receive similar amounts of AtFtsHl, but that there 
might be intrinsic differences among plastids within a developing leaf cell in a biochemical 
process that is required for normal chloroplast development. For instance, there might be 
variability in rates of D1 repair, such that not all plastids need the same amount of AtFtsHl 
for this process to occur efficiently. Regardless of the precise mechanism, our model is in 
accord with early data showing that cells in the white sectors of var2 are heteroplastidic and 
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contain some normal-appearing chloroplasts, as well as a large number of abnormal plastids 
(Chen et al., 1999). This "plastid autonomy" indicates that not all plastids in a given cell are 
equivalent in function. 
MATERIALS AND METHODS 
Plant Material 
Arabidopsis (Arabidopsis thaliana ecotype Columbia) and pea {Pisum sativum ) were 
grown in growth rooms under continuous fluorescent lights (about 100 (amol m"2 sec"1) at 
22°C. Rice (Oryza sativa spp japonica cv. Nipponbare) were grown in growth chambers 
under 16 hour/8 hour day/night cycles at 28°C. 
Two-dimensional Green Gel Analysis 
Leaf tissues used in this study were collected from 3-week old Arabidopsis plants, 3-
week old rice plants and 2-week old pea plants. Chloroplast membranes were isolated as 
previously described (Yu et al., 2004) by grinding the tissue in 0.33 M Sorbitol, 10 mM 
EDTA, 50 mM HEPES (pH 8.0), 0.05% BSA using a Waring blender. The homogenate was 
filtered through two layers of Miracloth and centrifuged at 2600g for 3 min. Crude 
chloroplasts were washed with 10 mM MOPS (pH 8.0) followed by centrifugation at 10,000g 
for 10 min. The pellet, which contains thylakoid membranes, was resuspended in 0.33 M 
Sorbitol, 5 mM MgClz, 50 mM HEPES (pH 8.0). Chlorophyll concentrations were then 
measured on the resuspended membranes using 95% ethanol (Lichtenthaler, 1987). All the 
steps were performed at 4°C under dim light. 
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First dimension green gel analysis was carried out as previously described (Yu et al., 
2004). In brief, thylakoid membranes were solubilized in a mixture of detergents (0.45% 
octyl glucoside, 0.45% decyl maltoside, 0.1% lithium dodecyl sulfate, 10% glycerol, 2 mM 
Tris maleate, pH 7.0), and samples corresponding to 45 fj.g chlorophyll were loaded onto a 3 
mm 8% polyacrylamide (native) gel (MiniProtein II, Biorad, Hercules, CA). The gels were 
electrophoresed at 4 °C at 10 mA for 90 min. For the second dimension, gel strips were cut 
out of the native gels and incubated in 2X SDS sample buffer (Laemmli, 1970) at 65°C for 
two hours. SDS-PAGE was then performed as described using 14% SDS-polyacrylamide 
gels (Xu et al., 1994). 
Antibody Production, Co-Immunoprecipitation and Western Immunoblotting 
To generate a specific antibody for AtFtsHl, a 15 amino acid long peptide 
PLFIQNEILKAPSPK that is specific for AtFtsHl was synthesized and polyclonal antibody 
was generated in rabbit (ProSci Inc., Poway, CA). The antibody was used at 1:10,000 
dilution. 
Nucleotide fragments corresponding to amino acids P196-G353, A51-S229 and 
G367-V507 of the D1 protein of Photosystem II, the cytochrome bgf Rieske protein (PetC) 
and the ATP synthase a subunit, respectively, were amplified by PCR and subcloned into the 
pET15b vector (Novagen, Madison, WI). The resulting constructs were transferred and 
expressed in Escherichia coli BL21(DE3) (Novagen, Madison, WI). All the expressed 
peptides formed inclusion bodies, which were purified and solubilized (by procedures 
suggested by the manufacturer) and injected into rabbits. After three injections, cleared sera 
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were used as antibodies against each antigen. All three antibodies were used at 1:1,000 
dilution. 
Co-Immunoprecipitation was carried out essentially according to Sakamoto et al. 
(2003). Briefly, thylakoid membrane suspended in PBS at 0.8mg chlorophyll/ml was 
solubilized with 0.8% dodecymaltoside (DM). After 30 min incubation on ice, samples were 
diluted to 0.1 mg chlorophyll/ml and antibodies against AtFtsHl and AtFtsH2 were added. 
Sepharose-coupled proteinA was added after 4 hours and incubated overnight at 4°C. 
Immunoprecipitates were recovered by centrifugation at 12,000g for 15 sec and subsequently 
washed three time with PBS containing 0.05% DM. The samples were then boiled for 5 min 
in 2X SDS buffer and subjected to standard SDS-PAGE. 
For Western immunoblotting, proteins were transferred from 12% SDS-
polyacrylamide gels to nitrocellulose membranes (Immobilon-NC, Millipore, Billerica, MA) 
and probed with various antibodies. The AtFtsH2/VAR2 antibody was described in Chen et 
al. (2000). The SuperSignal® West Pico chemiluminescence kit (Pierce, Rockford, IL) was 
used for signal detection. The nitrocellulose membranes were stained after transfer with 
Ponciau S to examine loading efficiency and transfer quality. 
Plasmid Construction and Arabidopsis Transformation 
To generate an AtFtsHl overexpression construct, an AtFtsHl cDNA was amplified 
usingpfx DNA polymerase (Invitrogen, Carlsbad, CA) with forward primer 5'-
AACCTCGAGACGAAGAAGAAGAAACAGAGCTGC -3' and reverse primer 5'-
AACCTCGAGTGTAAGCACTAAGCAATGGCAACT -3' (Xhol sites underlined). The 
PCR product was digested with Xhol and cloned into the Xhol site of pBlueScript. The 
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resulting plasmid was sequenced for errors. The AtFtsHl cDNA fragment was isolated and 
cloned into the Xhol site of a binary vector derived from pBI121 (Yu et al., 2004). This 
vector lacks the GUS gene, but contains the CaMV35 promoter and NPTII {neomycin 
phosphotransferase) gene separated by a multiple cloning site. The resultant plasmid was 
named pBIl 11LF1C. To generate varl-1 plants that overexpress AtFtsHl, pBIl 11LF1C was 
mobilized into Agrobacterium tumefaciens and varl-1 plants were transformed by the A. 
tumefaciens-mediated floral dip method (Clough and Bent, 1998). Kanamycin-resistant 
plants were selected at the T1 generation on plates containing IX MS salts, 1% sucrose, 0.8% 
agar (pH 5.7) supplemented with 50 fa.g/ml kanamycin. PGR and Southern Blotting were 
performed to verify that the plants were transformed. Segregation of phenotypes was scored 
in the T2 generation; RNA and protein analyses were also performed using T2 generation 
plants. 
To generate an AtFtsHl antisense construct, a 1500bp AtFtsHl cDNA fragment from 
pBIl 11LF1C was cut out using Xhol and Sstl and then inserted into a pBIl 11L plasmid 
digested with Xhol and Sstl. In this way, this AtFtsHl cDNA fragment is under 35S promoter 
control in antisense orientation. 
To generate an AtFtsH2/VAR2 overexpression construct, forward primer 5'-
ATAGGATÇÇAGATTCTCCTTCCCTATACAACTCT-3' and reverse primer 5'-
ATAGGATCCGAGATAGTATCACATTTCTAGAGTG-31 (BamUl site underlined) were 
used to amplify AtFtsH2/VAR2 full length cDNA. The cloning procedure is essentially the 
same as AtFtsHl construct above except restriction enzyme used is BamHl. 
To generate AtFtsHl and AtFtsH5/VARl promoter-GUS fusion constructs, similar 
approach was taken as in Yu et al., 2004. The primers for AtFtsHl are forward primer 5'-
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CATTCTAGAAGCTCTCACTGTTGTGTTACTCTT-3' and reverse primer 5'-
CATTCTAGATACTTGCGACGAGAATGGCGAATT-3' (Xbal site underlined). The 
primers for AtFtsH5/VAR1 are forward primer 5'-
CATGGATCÇCAACATCTATGTACTAGAATCTAG-3' and reverse primer 5'-
CATGGATÇÇGAACAACAGAGCTGCTAACGCAGC-3 ' {BamUl site underlined). 
Manipulations of DNA and RNA 
Genomic DMAs were isolated and Southern blot analyses were performed as 
described in Wetzel et al. (1994). Total cell RNAs were isolated from plants using the Trizol 
RNA Reagent (Invitrogen, Carlsbad, CA). Semi-quantitative RT-PCR was carried out 
essentially as described in Yu et al. (2004). In brief, the RNA was reverse transcribed using 
the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA). The 
RT reaction products were diluted ten times and the PCR reactions were performed using 32 
cycles in a total volume of 50 pi. This is within the linear range of amplification for each of 
the fragments examined. Gene specific primers for AtFtsHl were 5'-
GTCTCAAGACGAAAATTCGC-3 ' and 5 '-GCCTGAAAAGCAAGAAGAGT-3 '. Gene 
specific primers for AtFtsH2/VAR2 were 5'-ACTCTCATCTGTAATCGATA-3' and 5'-
ACCAATCAAGTTGAATAACAC-3'. Gene specific primers for AtFtsH5/VARI were 5'-
CAACCACCAGCACCAACCAT-3 ' and 5 ' -CTCTAAAGAGAT A A AAC A ACC-3 '. Gene 
specific primers for AtFtsH8 were 5'-TCTTCTGCCAAATTCCACAG-3' and 5'-
CCCAATCAAGTTGAGTATTGG-3'. Gene specific primers for the Actin 2 gene were 5'-
TCAAAGACCAGCTCTTCCATCGAGA-3' and 5'-
AC AC AC AAGTGC ATC AT AGAAACG A-3 '. 
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Figure 1. Complementation of varl-1 by overexpression of AtFtsHl. 
A. Phenotypes of wild type, varl-1 and varl-1 transformed with an AtFtsHl cDNA under the 
control of the CaMV 35S promoter (C5WlNo2). A T2 generation C5WlNo2 plant is shown. 
All the plants were ten days old. 
B. Southern blot of wild type and C5WlNo2 (OE, for overexpression). Genomic DNAs from 
wild type and C5WlNo2 were digested with Hind III, and the Southern blot was probed with 
32P labeled NPTII sequences. 
C. Total cell RNAs were isolated from the green sectors of varl-1 and from leaves of 
C5WlNo2 (OE). RNA amounts were determined by semi-quantitative RT-PCR as described 
in Materials and Methods. The RT-PCR products were electrophoresed through 1.5% 
agarose gels and stained with ethidium bromide. Actin2 served as a control. 
Figure 2. Two-dimensional green gel and Western immunoblot analyses. 
A, B. Comparison of the "upper" and "lower" AtFtsH-containing bands of varl-1 and wild 
type (A) and varl-1 and C5WlNo2 (B). Thylakoid membranes corresponding to equal 
amounts of chlorophyll were loaded on the native gels. 
C. Western immunoblots of wild type, varl-1 and C5WlNo2 thylakoid membranes. 
Thylakoid membranes corresponding to 2.5\ig of chlorophyll were loaded in each lane of a 
denaturing, 12% SDS-polyacrylamide gel. Membranes were incubated with polyclonal 
antibodies specific for AtFtsHl. 
D. Western immunoblots of wild type, varl-1 and C5WlNo2 thylakoid membranes. 
Nitrocellulose filters were incubated with polyclonal antibodies to AtFtsH2/VAR2, the D1 
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protein of PSII, the PetC (Rieske) protein of the cytocrome b$f complex, and the alpha 
subunit of the proton-translocating ATP synthase. Protein loadings were the same as in 
Figure 2C. 
E. Coimmunoprecipitation of AtFtsHl and VAR2. Immunoprecipitates were resolved by 
SDS-PAGE and immunoblots were probed with AtFtsHl and VAR2 antibodies. Shown are 
immunoprecipitate samples from VAR2 preimmune serum (Lane 1), VAR2 antibody (Lane 
2), AtFtsHl preimmune serum (Lane 3) and AtFtsHl antibody (Lane 4). Each lane 
represents thylakoid membrane corresponding to approximately lOpg chlorophyll. Lane 5 is 
thylakoid membrane control corresponding to 5p.g chlorophyll. 
Figure 3. Antisense downregulation of AtFtsHl expression in varl-1. 
A partial AtFtsHl cDNA was cloned in reverse orientation behind the CaMV 35S promoter, 
and the construct was transformed into varl-1. Representative T2 plants from an antibiotic-
resistant T1 plant are shown. These plants have a range of color phenotypes, from ones that 
are similar to varl-1 (A) to ones that are partial albino (B, C, D) or completely albino (E and 
F). This variability was observed in the T2 progeny of multiple independent T1 lines. Bars 
represent 5mm. 
Figure 4. AtFtsHl and AtFtsH5/VARl expression. 
Constructs containing promoter-GUS fusions were generated and transformed into wild type 
(Columbia). GUS activities were visualized by histochemical staining of fusions with the 
AtFtsHl promoter (A, B) and the AtFtsH5/VARl promoter (C, D). Illustrated are 10-day-old 
green seedlings (A, C) and fully-expanded leaves from 20 day old plants (B, D). 
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Figure 5. Overexpression of AtFtsH2/VAR2 in var2-4. 
A construct containing a full-length AtFtsH2/VAR2 cDNA driven by the CaMV 35S 
promoter was transformed into var2-4. C2W2 is a representative T2 plant (A). Total cell 
RNAs were isolated from var2-4 and C2W2, and Northern blot analysis was performed using 
2|a,g of RNA per gel lane; the blot was probed with 32P labeled AtFtsH2/VAR2 cDNA (B). 
Ethidium bromide-staining of the 18S RNA band on the agarose gel is shown as a loading 
control. 
The same construct was transformed into varl-1. C5W2 is a representative T2 plant (C). 
Total cell RNAs were isolated from varl-1 and C5W2, and Northern blot analysis was 
performed as described in (D). 
Steady levels of AtFtsH2/VAR2 and AtFtsHl in varl-1 and C5W2 thylakoid membranes 
were compared through western immunoblots (E). Thylakoid membranes corresponding to 
5p.g chlorophyll were loaded in each lane. 
Figure 6. Conservation of FtsH genes in Arabidopsis and rice. 
Phylogenetic analysis of FtsH genes from Arabidopsis, rice and Synechocystis. Full-length 
protein sequences were aligned using the Clustal W program, and the aligned sequences were 
analyzed by the Mega 2.1 program (Kumar et al., 2001; also online 
http://www.megasoftware.net~). The neighbor-joining method was used to construct the 
phylogenetic tree. 
Figure 7. Structures of rice and Arabidopsis FtsH genes. 
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Gene structures were constructed based on annotation of the Arabidopsis and rice genomes. 
Intron/exon boundaries were confirmed by examination of cDNA and EST sequences. Boxes 
indicate exons and lines represent introns. Numbers above each box refer to size of the exon 
(bp). Untranslated regions were not included in the structures. Colored regions correspond to 
various FtsH domains. Blue stands for transit peptide region, green stands for ATP binding 
region and red stands for zinc binding site. 
Figure 8. Comparative 2-D green gel analyses. 
2-D green gels were prepared as described in Figure 2A using isolated tylakoid membranes 
from Arabidopsis, rice and pea. The regions of each gel containing the "upper" and "lower" 
FtsH-containing bands are shown (A). Western immunoblots of 2-D gels probed with 
AtFtsHl and VAR2 antibodies are shown (B). 
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OsFtsHl AtFtsHl/5 AP003685 P0548E04 6 686 C AK065019 
OsFtsH2 AtFtsH2/8 AP003635 P0686E06 6 676 C AK064913 
OsFtsH3 AtFtsH3/10 AP003240 P0406G08 1 802 M AK100245 
OsFtsH4 AtFtsH4 AP003413 B1151A10 1 709 M AK072509 
OsFtsH5 AtFtsH4 AP003413 B1151A10 1 715 M AK120948 
OsFtsH6 At FtsH6 AP003569 P0425F05 6 681 C AK063733 
OsFtsH7 AtFtsH7 AP004868 P0048B08 2 822 C AK069509 
OsFtsH8 AtFtsHMO AC105770 OJ1362DD2 5 822 M AK069936 
OsFtsH9 AtFtsH 11 AP003328 B1040D09 1 769 C ? AK060394 
The Genbank ID of each OsFtsH gene is shown. Also shown is its chromosomal and BAC 
location on the rice genome (IRGSP BAC clone number). Full-length protein sizes (amino 
acids) were obtained from TIGR pseudomolecule annotations and further checked against 
cDNA and EST sequences. Putative cellular locations were predicted using the Target P 
program (Emanuelsson et al., 2000); "C" stands for chloroplast and "M" for mitochondrion. 
The location of OsFtsH9 is problematic since it is predicted to be in the mitochondrion, 
however, its homologue in Arabidopsis (AtFtsHl 1) is in the chloroplast (Sakamoto et al., 
2003). Partial or full-length cDNA sequences from GenBank (a representative ID number is 
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CHAPTER IV. IDENTIFICATION OF VAR2 MODIFIERS BY ACTIVATION 
TAGGING 
INTRODUCTION 
Chloroplast development requires the coordinated expression of proteins encoded by 
the nuclear genome and the plastome (chloroplast genome) (Rodermel, 2001b). After the 
complete nuclear genome of Arabidopsis thaliana was sequenced, it was discovered that as 
many as 3600 proteins could be targeted into chloroplasts based on computer program 
predictions of the presence of an N-terminal chloroplast targeting sequence (around 50 amino 
acids) (The Arabidopsis Genome Initiative, 2000). When the specificity and sensitivity of 
these computer programs were taken into consideration, Leister reported 3130 proteins to be 
chloroplast-localized (Leister, 2003). Higher plant chloroplast genomes encode only a small 
fraction of their proteomes. For example, the 154 kb Arabidopsis plastome contains 87 
protein coding genes and 45 genes encoding ribosomal RNA (rRNA) and transfer RNA 
(tRNA). This means that the vast majority of chloroplast proteins (>95%) are synthesized by 
80S ribosomes in the cytosol and then imported into chloroplasts. 
Much interest has been focused on the mechanisms of coordination and regulation of 
nuclear and chloroplast gene expression (Leon et al., 1998). One classic example is the 
regulation of assembly of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), the 
critical enzyme of CO2 fixation inside chloroplasts (Rodermel et al., 1988). The Rubisco 
holoenzyme is composed of eight large subunits (LS) that are encoded by a single rbcL gene 
on the multicopy chloroplast genome and eight small subunits (SS) that are encoded by a 
small RbcS gene family in the nuclear genome. It was discovered that in transgenic tobacco 
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plants that contain an antisense construct of the RbcS gene, RbcS transcript and protein levels 
were reduced, as anticipated. Interestingly, it was observed that whereas the plastome-
encoded LS protein was also reduced, rbcL transcript abundance was unchanged. It was 
determined that the reduced amounts of the S S protein serve as a post-transcriptional signal 
in the plastid to reduce RbcL translation initiation (Rodermel et al., 1996). In this manner, 
stoichiometric amounts of the LS and S S proteins accumulate and assemble into the Rubisco 
holonenzyme. 
The Rodermel lab has been interested in using Arabidopsis variegation mutants as a 
tool to understand interactions between the nucleus and the chloroplast (Rodermel, 2001a). 
One such mutant is var2. var2 was first isolated by Redei in the 1950s as the yellow 
variegated mutant, but it was subsequently found to be allelic to var2 (Martinez-Zapater, 
1993). Mutant var2 leaves contain both white and green sectors. Plastids in the green sectors 
resemble those in wild type while plastids in the white sectors are vacuolated and do not 
contain organized thylakoid membrane structures (Chen et al., 1999). VAR2 encodes a 
chloroplast FtsH metalloprotease (Chen et al, 2000; Takechi et ai, 2000). 
FtsH in E. coli is anchored in plasma membranes and performs a variety of functions 
(Patel and Latterich, 1998). FtsH function in higher plants is less well-understood, but one of 
its prime roles appears to be in mediating degradation of photodamaged D1 proteins during 
the Photosystem II repair cycle. The Arabidopsis genome contains 12 FtsH genes and at least 
six FtsH proteins are targeted to chloroplasts (including AtFtsHl, AtFtsH2/VAR2, 
AtFtsH5/VARl and AtFtsHS). Mutation of AtFtsHS also gives rise to a variegation 
phenotype (varl), though variegation in this mutant it is less severe than in var2 (Sakamoto 
et al., 2002; Yu et al., 2005). Mutations in the other chloroplast genes do not have a 
122 
discernible phenotype. Recent experiments have demonstrated that the various chloroplast 
FtsH homologues form complexes in the thylakoid membrane and that functional redundancy 
exists. For example, AtFtsH8 is able to complement the var2 variegation and AtFtsHl is able 
to complement the varl variegation (Sakamoto et al., 2003; Yu et al., 2004; Yu et al., 2005). 
To address the mechanism of variegation and function of VAR2, the Rodermel lab 
carried out an EMS second-site suppressor screen to isolate mutants that modify the var2 
variegation phenotype. One normal-appearing, non-variegated suppressor was identified and 
cloned through map-based methods (Park and Rodermel, 2004). It was found that the lack of 
variegation in this double mutant was due to a splice site mutation in ClpC2 that results in a 
dramatic decrease in ClpC2 protein levels. ClpC2 is located in chloroplasts and is a class 1 
HsplOO chaperone, containing two conserved ATP-binding domains. clpC2 suppresses var2 
variegation in an epistatic manner and is not allele-specific. It was suggested that ClpC2 
might normally act to suppress thylakoid biogenesis by enhancing photooxidative stress. For 
instance, ClpC2 might be responsible for assembly processes during thylakoid biogenesis 
that transiently result in an overreduced membrane. In var2, the overall oxidative stress of a 
plastid is enhanced because of the lack of VAR2; ClpC2 contributes to this stress. However, 
in the suppressor mutant, this stress is reduced because ClpC2 is defective. This lowers the 
total amount of stress in these cells, allowing more to survive with the available 
photoprotective mechanisms. This is evident as enhanced green cell formation. It is 
interesting to note that downregulation of both ClpC2 and its homologue, ClpCl, gives rise 
to a mutant phenotype that is different from clpC2, suggesting that these two genes act 
synergistically or that they might be partially redundant. 
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As an alternate approach to generate var2 suppressors, I have undertaken activation 
tagging. Activation tagging is a powerful T-DNA mutagenesis approach that combines 
traditional T-DNA insertion mutagenesis with the ability of the Cauliflower Mosaic Virus 
(CaMV) 35S gene enhancer sequence to activate gene expression in cis (Odell et al., 1985; 
Weigel et al, 2000). At the T1 generation, putative gain-of-function mutants can be 
identified as a result of the presence of four copies of 35S enhancers and the activation of 
gene expression. At the T2 generation, T-DNA insertional mutants can also appear, 
generating knock-out mutations. This approach has been successfully applied in plant 
research including leaf development (Palatnik et al, 2003) and plant disease resistance (Xia 
et al, 2004). 
To further expand my understanding of the mechanisms of var2 variegation and 
chloroplast biogenesis, I carried out an activation tagging screen of the var2-5 allele. My 
main goal was to identify genes that, upon activation, will modify the var2-5 variegation 
phenotype. For instance, based on the finding that AtFtsH8 is able to complement var2, 
activation tagging of AtFtsH8 in a var2 background should produce the same thing, i.e., a 
nonvariegated T1 plant. The main advantage of T-DNA mutagenesis versus EMS 
mutagenesis is the relatively ease of recovering insertion loci through various established 
techniques including plasmid rescue and TAIL-PCR. 
In this chapter, I report the characterization of several mutant lines that are putative 
gain-of-function or loss-of-function modifiers of var2 that I recovered in my activation 
tagging screen. Line TAG-1 represents a gain-of-function modifier, while TAG-11 and TAG-
FN are both loss-of-function lines. Preliminary results of linkage analyses and T-DNA 
insertion loci determination are presented. 
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MATERIALS AND METHODS 
Plant Materials 
For the activation tagging experiments, the var2 mutant allele var2-5 (Columbia 
ecotype background) was used because of its vigorous growth and readily distinguishable 
variegation. All plants were grown at 22°C under continuous light of about 100 pmol m"2. 
Agrobacterium tumefaciens strain containing activation tagging vector pSKI015 was kindly 
provided by Dr. Joanne Chory at the Salk Institute. Bolting plants were transformed by the A. 
tumefaciens-mediated floral dip method (Clough and Bent, 1998). T1 plants were germinated 
on soil and transgenic plants were selected by spraying with a 1:2,000 dilution of Finale 
(AgrEvo, Montvale, NJ), which contains 5.78% (w/v) ammonium glufosinate as the active 
ingredient. Putative mutants were selected based on phenotypes, and plants were selfed. 
Analyses were carried out on T2 and subsequent generation plants. 
Nucleic Acid Manipulations 
Genomic DNAs were isolated and Southern blot analyses were performed as 
described in Wetzel et al. (1994). Total cell RNAs were isolated from plants using the Trizol 
RNA Reagent (Invitrogen, Carlsbad, CA). Northern blot analyses were performed as 
described (Wetzel et al., 1994). 
Plasmid Rescue 
For plasmid rescue, genomic DNA was extracted from 100 mg Arabidopsis tissue as 
described above and resuspended in 30 pi deionized water, l O pi of genomic DNA was 
digested with various restriction enzymes for 8 hours in a 30 pi reaction. The digestion mix 
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was then extracted with phenol-chloroform followed by a chloroform-only extraction. DNA 
was precipitated with ethanol and resuspended in 20 pi deionized water. This suspension was 
split into two 10 pi fractions and ligated overnight using T4 DNA ligase (Invitrogen, 
Carlsbad, CA) at both 14 °C and room temperature. The two ligation reactions were then 
combined and extracted with phenol-chloroform followed by a chloroform-only extraction. 
The DNA was then re-precipitated with ethanol and resuspended in 10 pi deionized water. 1 
pi of the final suspension was used for transformation using recombination-deficient E. coli 
SURE competent cells (Stratagene, CA). Rescued plasmids were selected on LB plates 
containing lOOmg/L ampicillin. 
TAG-FN complementation 
To complement the TAG-FN mutant, a full-length cDNA of At2g39140 was 
amplified with Plantium pfx DNA polymerase using Arabidopsis leaf cDNA as template. The 
primers used are forward primer 5-CATGAGCTCTCTCTCTCTCACTCTCACTTCCCAT-
3' and reverse primer 5 ' -CATGAGCTCTGGACATCTTCAATTCTTCCAACCC-3 ' (Sacl 
restriction enzyme sites underlined). The PCR product was digested with Sacl and cloned 
into the Sacl site of pBluescript. The resulting construct was sequenced to confirm the 
sequence. The Sacl fragment was then transferred into a modified pBI121 plasmid (Yu et al., 
2004). This binary vector was subsequently transformed into Agrobacterium by 





The var2 mutant allele var2-5 was used for the activation tagging experiments 
because it grows well and has a readily distinguishable variegation phenotype. More than 
10,000 T1 herbicide BASTA resistant transgenic lines were screened for changes in their 
variegation patterns. One interesting phenomenon that was observed during the mutant 
screen was that some T1 generation plants that did not show any variegation (thus, potential 
suppressors) showed typical var2-5 variegation in the T2 generation, suggesting false 
positive results at T1 generation. This can be explained by several possibilities. First, it's 
possible that activated genes were silenced in the T2 generation. Second, the selection of 
transgenic plants using the herbicide BASTA could somehow have altered plant and/or 
chloroplast development. Third, an impact of Agrobacterium upon plants after the floral dip 
transformation of TO plants should also be considered (Ditt et al., 2001). 
Figure 1 is a map of the binary vector pSKI015 that was used for transformation. 
Three regions reside between the T-DNA left border (LB) and right border (RB). Inside the 
left border is the herbicide BASTA resistance gene expression cassette (BAR) that is used for 
the selection of transgenic plants. Immediately adjacent to the right border are four copies of 
the 35S promoter enhancer sequence. Between these two regions is the vector sequence from 
pBlueScript, which facilitates plasmid rescue. Various restriction enzymes that can be used 
for rescue are shown. In my plasmid rescue experiments I used Hindlll to recover plant 
genomic sequences outside of the RB, while BamHl (enzyme site next to Notl and Spel but 
not shown in Figure 1) was used to recover plant sequences adjacent to the LB. According to 
the mechanism of T-DNA transfer and integration into the plant genome, the sequence 
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between the LB and RB is transferred into the nuclei of plant cells starting from the RB. 
After the integration of the T-DNA into the plant genome, plant genes that reside outside of 
the RB have the potential to be activated by the four enhancers, thus giving rise to gain-of-
function phenotypes. The gain-of-function mutant phenotype can be monitored at the T1 
generation. At the T2 generation, loss-of-function T-DNA insertional mutants can also arise. 
Of the around ten potential var2 suppressors isolated in the activation tagging screen, 
I have focused on three: TAG-1, TAG-11, and TAG-FN. The reason that these three lines are 
the main focus now is that links between T-DNA insertions and mutant phenotypes have 
been established (details in following sections). All three are greener than var2-5 (Figure 2). 
Preliminary characterization of these mutants is reported below. 
Tag-1 
TAG-1 was recovered in the T1 generation as a potential modifier of the var2-5 
variegation phenotype. When grown under the same conditions as var2-5, TAG-1 shows 
significantly less variegation, though it is still slightly variegated (Figure 2A). The difference 
is more pronounced at the seedling stage. The greener phenotype was confirmed in the T2 
generation, suggesting that the phenotype is inheritable and stable. 
Because the new phenotype is seen in the T1 generation, it is likely that TAG-1 is 
dominant and that suppression of variegation in this line is due to the presence of the 
enhancer sequences on the T-DNA. To confirm this, a Southern blot using BAR as a probe 
revealed that a 12 kb Hindll! band is specifically-linked to the mutant phenotype in T2 
progeny plants (Figure 3A): all TAG-1 phenotype plants contain three Hindlll bands (12 kb, 
10 kb, 7 kb) while var2-5 phenotype plants contain only two Hindlll bands (10 kb, 7 kb) or 
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no band. However, it was later determined through plasmid rescue and Southern blotting that 
some of the TAG-1 plants contain five bands. These include two bands with a size of-10 kb 
and another two bands of ~ 7 kb. Thus, it is the combination of 12 kb, 10 kb and 7 kb bands, 
rather than 12 kb itself, that cosegregates with the "more green" phenotype. This is illustrated 
in Figures 3B and 3C. A random TAG-1 plant (T2) was crossed with var2-5 and Southern 
blotting was performed on the F1 and F2 plants to follow the segregation of the Hindlll 
bands with the suppression phenotype. Figure 3B shows that the "more green" phenotype 
cosegregates with the three band pattern (plants No. 5 and No. 9). This cosegregation was 
further followed in the F2 generation, and of all 64 plants tested, the three-band pattern was 
found to segregate with the mutant phenotype. These data suggest that the mutant phenotype 
is linked to the T-DNA insertion and is caused by gene activation. 
Plasmid rescue was carried out in T2 and F2 generation plants using Hindlll. The 10 
kb Hindlll fragment was rescued and sequenced. It appears to represent a product of a T-
DNA LB "skip" pattern. As discussed earlier, when T-DNA is transferred, the RB leads the 
transfer and transfer theoretically terminates at the LB. However, at times, the LB is not 
recognized and plasmid sequence outside of the LB is transferred. In addition, after the LB is 
skipped, the transfer of vector DNA can continue to the RB and start a second cycle of T-
DNA transfer. The 10 kb Hindlll fragment seems to be a product of this process (Figure 4A). 
The 7 kb band was also rescued and it represents a very unusual situation. From 
sequencing results, it appears that outside of the RB lies a partial LB sequence inside the 
Hindlll site in Figure 1. At this point, the possibility cannot be ruled out that recombination 
occurred during the plasmid rescue or during the plant transformation process. Southern blot 
revealed that the rescued plasmid has the same size as the 7 kb band so it is unlikely 
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recombination happened during plasmid rescue. I was unable to rescue the 12 kb Hindlll 
fragment. 
Southern blotting was also carried out using BamHl instead of Hindlll. In this case, 
the TAG-1 plants displayed three bands (10 kb, 7 kb and 10.5 kb?) (Figure 3D). The 10 kb 
BamHl fragment was rescued and it represents the corresponding fragment of the 10 kb 
Hindlll LB skip fragment, confirming the conclusion about the 10 kb Hindlll band (Figure 
4A). The 7 kb BamHl band was also rescued and it contains plant genomic DNA outside the 
LB (Figure 4B). Between the RB and plant sequences is three base pair of DNA (TAT) that 
doesn't match either RB or plant sequences. 
As shown in Figure 4C, the plant sequence that was rescued resides between 
At2g29810 and At2g29820 on Arabidopsis chromosome 2 with a LB facing At2g29820. 
Annotations of genes around this insertion is illustrated in Figure 4D. Interestingly, the 
putative insertion site locates in the middle of a tandem repeat of four kelch repeat-containing 
F-box family genes. F-box proteins are part of the SCF ubiquitin E3 ligase complex that is 
involved in the ubiquitin-proteosome protein degradation process. In the SCF complexes, F-
box proteins are responsible for the interaction with target proteins. F-box proteins can be 
grouped based on their motifs for target interaction and these motifs include WD40, leucine-
rich repeats (LRR) and Kelch repeats. With our results, it does appear that a T-DNA structure 
was inserted in the F-box gene cluster, however, it remains to be determined the relationship 
between this insertion and how the three band Southern pattern are arranged. 
There are several explanations for the complicated banding pattern of TAG-1. First, 
the three-band pattern could be the result of a complex insertion pattern at a single locus, 
with the skip pattern of Figure 4A being part of the insertion. Second, recombination could 
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occur during the plasmid rescue process. However, this is unlikely because plasmid rescue 
was carried out in several independent experiments; the sequencing results were consistent 
between these experiments. The third possibility is that the three-band pattern is a result of 
insertion at two closely-linked loci that don't segregate in the relatively small number of 
plants examined in this study. I am currently designing experiments to test the first and third 
possibilities. 
Tag-11 
TAG-11 is a recessive suppressor of var2-5. It was recovered in the T2 generation as 
an all- yellow (non-variegated) plant. The mutant is smaller than both wild type and var2-5 
(Figure 2B). In the T1 generation, TAG-11 has a complex T-DNA banding pattern (data not 
shown but same as Figure 5A, discussed below). 
To examine the linkage of TAG-11, a putative homozygous recessive T2 mutant (all-
yellow) was crossed with var2-5. In the F1 generation, all plants had a var2-5 variegation 
phenotype and a complex banding pattern (Figure 5A). These data support the idea that 
TAG-11 is recessive, and that the TAG-11 plant used for crossing is homozygous. In the F2 
generation, however, these bands segregated into three patterns (Figure 5B): the original 
complex pattern (as in Figure 5A), a three-band pattern and a four-band pattern. In the 32 F2 
plants examined by Southern analysis, all plants with a TAG-11 phenotype had either the 
original or the four-band pattern (marked by arrows in Figure 5B). On the other hand, F2 
plants that had the original or the four-band pattern but a var2-5 phenotype showed an 
approximately 3:1 var2-5: TAG-11 ratio in the F3 generation (marked by stars in Figure 5B). 
This result suggests that the four-band pattern, as shown by the "starred" plants in Figure 5B, 
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cosegregates with the TAG-11 phenotype. Because TAG-11 is recessive, it is thus very likely 
that this T-DNA insertion causes a loss-of-function mutation. 
As with TAG-1, the complex hybridization pattern of TAG-11 can be explained in 
different ways. However, in the case of TAG-1, it is highly likely that the Southern pattern I 
observed represents a complex T-DNA insertion pattern at a single locus because I observed 
very similar patterns in other activation tagging lines. One such example is shown in Figure 
5C. Plasmid rescue was conducted with TAG-11 and the 7 kb Hindlll fragment (Figure 5B) 
was isolated. It represents a head to tail pattern of two T-DNA insertions, supporting the 
assessment that the T-DNA structure of TAG-11 is complex (data not shown). Currently I am 
trying to obtain the Southern blotting patterns of TAG-11 using other restriction enzymes to 
help me better understand the insertion pattern and thus design experiments to try to elucidate 
the overall pattern. One approach I am considering is constructing a genomic DNA library of 
TAG-11 and screening for activation tagging plasmid sequences. As I showed earlier, this 
pattern happens quite frequently, at least in case of binary vector pSKI015, so the 
identification of this pattern will help me better understand T-DNA insertion events and 
future characterization of activation tagging lines. 
Tag-FN 
TAG-FN is a second recessive \ar2-5 suppressor that I identified in the activation 
tagging screen. It does not show variegation but rather displays a slightly yellow phenotype 
(Figure 2C). In addition, mutant plants are slightly smaller than both wild type and var2-5 
plants. All F1 plants of a cross between TAG-FN and TAG-11 had a var2-5 phenotype, 
indicating TAG-FN is not allelic to TAG-11 and represents a new locus (data not shown). 
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Segregation analysis was carried out using T2 generation plants (Figure 6A). Two 
Hindlll restriction fragments can be detected in the T2 plants. All plants that had a TAG-FN 
phenotype in the T2 generation (marked by arrows) contain a 6.5 kb fragment, and all plants 
that contain the 6.5 kb fragment but have a var2-5 phenotype in the T2 generation showed an 
approximately 3:1 var2-5: TAG-FN phenotype segregation in the T3 generation. This 
indicates that the 6.5 kb fragment may be linked to the yellow phenotype. The second 
Hindlll band (approximately 10 kb) does not cosegregate with the 6.5 kb band or with the 
TAG-FN phenotype, and is thus not of immediate interest. 
Linkage analysis was carried out by further crossing experiments. A T2 TAG-FN 
phenotype plant was crossed with var2-5, and all F1 generation plants examined had a var2-5 
phenotype and the presence of two Hindlll bands (Figure 6B). This is very similar to the case 
with TAG-11, and suggests that the TAG-FN plant used for crossing was homozygous for 
both loci and that TAG-FN is a recessive mutation. Genotypic segregation was also 
monitored in the F2 generation (Figure 6C). Clearly, the two Southern bands segregate 
independently. All plants that have a TAG-FN phenotype in the F2 generation contain the 6.5 
kb band, as indicated (arrows). I will examine the phenotypes of F3 plants once they become 
available: this should confirm that plants which contain the 6.5 kb band in the F2 but that 
show a var2-5 phenotype will give rise to 3:1 var2-5 to TAG-FN phenotypic ratio. 
Plasmid rescue was performed using a T2 TAG-FN phenotype plant that contained 
only the 6.5 kb Hindlll band (similar to plant No. 16 in Figure 6A). A 6.5 kb plasmid was 
rescued, and sequencing of this fragment revealed the presence of 92 bp of plant genomic 
DNA sequence in the plasmid (Figure 7A). Blast against the GenBank database showed that 
this 92 bp DNA is identical to part of Arabidopsis BAC clone T16B24. Further mining of the 
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database revealed that the location of the T-DNA insertion is in gene At2g39140 on 
chromosome 2. This gene contains 9 exons and 8 introns. Based on the sequencing 
information, it is likely that the T-DNA is inserted in the long intron between exon 6 and 
exon 7, with the RB facing the 5' of the gene (Figure 7B). 
The At2g39140 transcript has the capacity to encode a 410 amino acids protein that 
shows homology to the pseudouridine synthase protein family. It is also predicted to be 
targeted to chloroplasts. Because TAG-FN is a recessive mutant, it is likely that T-DNA 
insertion disrupted At2g39140 expression and function. To assess the effect of T-DNA 
insertion on At2g39140 expression, northern blotting experiments were performed (Figure 
7C). Using full-length At2g39140 cDNA as probe, I detected similar levels of transcripts in 
wild type, var2-5 and the TAG-FN mutant. However, the size of the transcript is apparently 
smaller in the TAG-FN mutant than in wild type or var2-5. Considering that the T-DNA is 
inserted into an intron that is close to the end of the gene (Figure 7B), I hypothesize that a 
truncated form of the transcript is produced in TAG-FN, leading to reduced expression of a 
functional protein. 
To confirm that the phenotype of TAG-FN is a result of At2g39140 disruption, I 
identified an independent T-DNA insertion line from the Salk Institute T-DNA collection 
(Salk_013085; Alonso et al., 2003). PCR analysis confirmed that a T-DNA is inserted in this 
line in the first long exon of At2g39140 (Figure 8 A), with the LB facing the 5' of the gene. 
To confirm the PCR results, a PCR product using a LB primer and a At2g39140 5' primer 
was sequenced (Figure 8B). This confirmed that the insertion is in At2g39140. Sequencing 
also showed that the PCR product contains a 21 bp unique sequence that doesn't match either 
T-DNA or plant genomic DNA sequences. Because of the location of the T-DNA insertion, it 
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is probable that Salk_013085 represents a true knock-out of At2g39140. When plants that 
contain the T-DNA were selfed, I observed some progeny that were dramatically smaller 
than wild type. These plants were also yellow. Further work is in progress to determine 
whether the Salk line is homozygous for the insertion in At2g39140. If it is, it can be inferred 
that the TAG-FN line is not a knock-out because the TAG-FN phenotype is less severe than 
the Salk knockout. This would indicate that the truncated form of At2g39140 (in TAG-FN) 
might still possess some activity in vivo. 
To further confirm that the TAG-FN phenotype is due to a lesion in At2g39140,1 
carried out complementation experiments. If TAG-FN contains recessive mutations for both 
At2g39140 and var2-5,1 should be able to restore the var2-5 variegation phenotype by 
providing a wild type copy of At2g39140. To test this, a At2g39140 full-length cDNA was 
cloned into a binary vector under the control of the CaMV 35S promoter, and the construct 
was transformed into TAG-FN plants that are homozygous for both TAG-FN and var2-5. At 
the T1 generation, transgenic plants were indeed recovered that were variegated. This 
phenotype was confirmed in the T2 generation (Figure 9A). The transcript level of 
At2g39140 was dramatically increased in one representative complementation line due to the 
strong 35S promoter used (Figure 9B). This result shows that the inactivation of At2g39140 
is responsible for a lack of variegation in TAG-FN plants. 
During my RNA analyses of plants with various genetic backgrounds, I observed an 
interesting change in RNA gel banding pattern. Typically, when total RNA is extracted from 
higher plants and separated in a formaldehyde denaturing gel, five bands appear (Figures 7C 
and 9B). The top three bands represent cytosolic 25S rRNA, 18S rRNA and chloroplast 16S 
rRNA, while the two smaller bands represent fragments of chloroplast 23 S rRNA that can be 
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seen only under denaturing conditions (Leaver and Ingle, 1971). I consistently observe a 
decrease of the two 23S rRNA fragments in the TAG-FN mutants (Figure 7C). This decrease 
is reversed in the complementation line (Figure 9B). This result suggests that 23S rRNA 
processing is altered in the TAG-FN mutant, directly or indirectly caused by the inactivation 
of At2g39140; rRNA banding patterns are similar between var2-5 and wild type. 
DISCUSSION 
Activation tagging provides a robust technique that combines both traditional T-DNA 
insertional gene inactivation and CaMV 35S promoter enhancer gene activation (Weigel et 
al., 2000). In my study, I identified several lines in which the var2-5 variegation phenotype 
was modified by both insertional inactivation (TAG-11 and TAG-FN) and by enhancer 
activation (TÀG-1). I also recovered several mutants that didn't show changes in variegation 
but had dramatic developmental phenotypes (data not shown). 
The most promising line I am characterizing is TAG-FN. I have shown that the 
insertion of T-DNA in a gene (At2g39140) encoding a putative chloroplast-localized 
pseudouridine synthase is responsible for the suppression of the var2-5 variegation 
phenotype in this line. Pseudouridine (\\i) is an isomer of uridine and it has been found in 
tRNA, rRNA, snRNA, and some other RNA species, but normally not in mRNA (Ofengand, 
2002). In pseudouridine, the uracil group is connected to ribose CI through its C5 carbon, 
rather than the Nl-Cl bond in a typical uridine. The conversion of uridine to pseudouridine 
occurs post-transcriptionally, catalyzed by various pseudouridine synthases. The exact 
function of pseudouridine in RNA is still not clear, although it was proposed that it might be 
involved in the peptidyl transfer process in translation (Lane et al., 1992). E. coli contains 
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four families of pseudouridine synthases: RsuA, RluA, TruB and TruA (Ofengand, 2002). 
At2g39140 is more closed related to the RsuA family, which is responsible for modifying 
16S and 23S RNA in E. coli. 
In the green alga, Chlamydomonas reihhardtii, a pseudouridine synthase was 
identified as a factor involved in the /raws-splicing of group II introns in chloroplasts (Perron 
et al., 1999). The Chlamydomonas PsaA gene, which encodes one of the two reaction center 
proteins of the Photosystem I complex, has three exons that are spread across the chloroplast 
genome. All three exons contain group II intron sequences and are individually transcribed. 
The maturation of the PsaA transcript involves the trans-splicing beginning with either exons 
1 and 2 or exons 2 and 3. Different classes of mutants that are impaired in various steps of 
trans-splicing have been identified (Goldschmidt-Clermont et al., 1990). One such mutant, 
Maa2 (maturation of psaA), was affected in the splicing of the second intron of PsaA. Maa2 
was cloned and it encodes a pseudouridine synthase that is targeted to chloroplasts. This 
suggests that pseudouridine synthase is involved in trans-splicing of group II introns. 
However, results from site-directed mutagenesis of several well conserved amino acids 
indicated that pseudouridine synthase activity is not required for splicing, raising the 
possibility that it may possess other yet-to-be-determined functions. 
In higher plant chloroplast genomes, rRNA genes are typically transcribed 
polycistronically. For most plant species, the rRNA genes are arranged in the order of 16S-
23S-5S, the same order as in E. coli. There are usually two tRNA genes between the 16S and 
23S genes and an additional 4.5S rRNA gene between the 23S and 5S rRNA genes. The gene 
cluster is transcribed into a large precursor RNA, which is then processed to form individual 
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rRNAs and tRNAs. Mutants have been identified in which this rRNA processing process is 
impaired (Barkan, 1993). 
Another very interesting and mysterious feature of chloroplast rRNAs is the break 
down of 23S rRNA. It was reported in the 1970's that when total RNA or chloroplast RNA is 
isolated and fractionated in the presence of EDTA, the 23S rRNAs often appear as two 
cleavage fragments (Leaver and Ingle, 1971). This cleavage can be reversed by adding Mg2+ 
or Ca2+, which suggests that divalent cationic ions can stabilize 23S rRNAs. Because 
cleavage is a very specific process, it might represent a yet to be determined processing step 
of 23S rRNA. This processing seems to be species specific with different higher plant 23S 
rRNA giving rise to different fragment patterns (Leaver and Ingle, 1971; Kôssel et al., 1985). 
What is intriguing is that this cleavage is very specific to 23 S rRNA. Chloroplast 16S rRNA 
and cytosolic rRNA species do not show cleavage under normal conditions. 
As demonstrated above, the 23S rRNA break-down pattern is modified in TAG-FN 
plants, with a vast reduction in 23S rRNA products. There are at least two possibilities to 
explain this. First, considering the inactivation of a pseudouridine synthase in TAG-FN, it is 
tempting to speculate that this pseudouridine synthase normally plays a role in processing of 
23S rRNA, e.g. it might be involved in the cleavage process. This would point to a function 
of pseudouridine in 23S rRNA processing regulation. Second, it is possible that the effect on 
23S rRNA is secondary and that pseudouridine synthase has a more primary lesion. 
Supporting this possibility is that the 23S rRNA fragment pattern changes in almost all-white 
tissue of the Arabidopsis immutans mutant. Immutans encodes a chloroplast alternative 
oxidase, which is not likely to directly be involved in rRNA processing (Wu et al., 1999). 
rRNA processing defects have also been reported in at least two other cases (dal and del 
mutants) that I discussed in Chapter I (Bisanz et al., 2003; Bellaoui et al., 2003). In all these 
cases, the defects are observed in white tissues containing photooxidized plastids. However, 
TAG-FN is only slightly yellow so extensive photooxidation is not expected in this mutant. 
An electron microscopy study of TAG-FN plastid morphology is underway. 
The obvious question now is how the mutation of a putative pseudouridine synthase 
causes the variegation to disappear. Based on our previous discussions (Chapter II), there are 
at least two ways that TAG-FN can modify variegation. First, it can do so through modifying 
FtsH complex level in chloroplast. This seems less probable since the double mutant contains 
a var2-5 mutant background that only contains very low level of protein. Preliminary results 
suggest that FtsH protein levels are not altered in TAG-FN double mutants (data not shown). 
However, we will carry out protein and mRNA experiments to confirm the effect of the 
second mutation on FtsH proteins and other nucleus and chloroplast encoded proteins. 
Second, as we discussed, the formation of variegation may also be attribute, at least in part, 
to internal processes that demand the presence of high level of FtsH complexes. For example, 
an increase of oxidative stress level inside chloroplast would require more FtsH proteins. A 
fully functional chloroplast is a robust generator of reactive oxygen species (ROS) that need 
to be efficiently quenched (Niyogi, 1999) and FtsH protease plays an integral part in plant's 
effort to minimize oxidative damages (Nixon et al., 2005). With this in mind, it is 
conceivable that the second mutation may have an impact on chloroplast metabolism in such 
a way that would lower the chloroplast's demand for FtsH. For example, the mutation may 
reduce the generation of ROS inside chloroplasts and this would mean that less FtsH protein 
is needed and variegation will not form even with a FtsH mutant background. Also other 
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mechanisms remain possible and more research is clearly needed to present a clearer picture 
of the relationship between FtsH, pseudouridine synthase and chloroplast maintenance. 
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FIGURE LEGENDS 
Figure 1. Map of binary vector pKSI015. 
This map is adapted from Weigel et al., 2000. Between the LB and RB are the BAR 
expression cassette for transgenic plant selection, a pBlueScript vector sequence for plasmid 
rescue, and four CaMV 35S enhancer sequences for gene activation. Various restriction 
enzyme sites are also shown. Compared with the pBIN19 derived binary vector, pSKI015 
contains a relatively short vector backbone sequence that is outside of LB and RB (light line). 
Figure 2. Phenotypes of TAG lines. 
Wild type, var2-5 and various TAG lines are shown (A, TAG-1; B, TAG-11; C, 
TAG-FN). All seedlings are three weeks old and grown under the same conditions (see 
Materials and Methods). 
Figure 3. Characterization of TAG-1. 
A. Genomic DNAs from T2 TAG-1 plants were extracted and digested with Hindlll. The 
Southern blot was probed with a 32P-labeled BAR expression cassette (Kpnl fragment in 
Figure 1) as probe. Plants that showed a var2-5 phenotype were marked with arrows (No. 4, 
8, 11, 16, 17). 
B. Genomic DNAs from F1 plants of a cross between TAG-1 and var2-5 were extracted and 
digested with Hindlll. The Southern blot was probed with BAR as in Figure 3A. Plants that 
showed a TAG-1 phenotype are marked with arrows (No. 5, 9). 
C. Genomic DNAs from F2 plants derived by selfing of the "No. 5" F1 plant (Figure 3B) 
were extracted and digested with Hindlll. The Southern blot was probed with BAR as in 
144 
Figure 3A. Plants that showed a TAG-1 phenotype are marked with arrows (No. 1, 3, 5, 7, 
14, 15, 16). 
D. Genomic DNAs from F2 plants derived by selfing of the "No. 5" F1 plant (Figure 3B) 
were extracted and digested with various restriction enzymes including Hindlll, BamHl, Pstl, 
EcoRl and Spel. The Southern blot was probed with BAR as in Figure 3A. 
Figure 4. Characterization of TAG-1. 
A. Illustrated is a portion of the region containing a 10 kb T-DNA-containing fragment in 
TAG-1. The rescued 10 kb Hindlll plasmid and the rescued 10 kb BamHl plasmid are shown 
underneath the LB skip scheme and note their positions are matched with the enzyme sites in 
the scheme on top. The position of the BAR probe used for Southern blot is also shown. In 
the LB skip scheme, the boxes filled with dots represent LB and RB sequences and the box 
filled with slash lines represents plasmid sequence that is outside of LB and RB in Figure 1. 
B. A 7 kb BamHl fragment (Figure 3A) was rescued and a partial sequence is shown. The 
letters in bold represents the T-DNA LB region. (Hindlll site is underlined). The non-bold 
sequence is plant genomic DNA that abuts the insert. There is a 3 bp sequence between the 
two. 
C. Possible insertion site based on data from Figure 4B. A T-DNA structure was inserted 
between At2g29810 and At2g29820 on chromosome 2. 
D. Annotation of genes in the vicinity of the T-DNA insertion site. Four genes on each side 
of the putative insertion site are listed based on the TAIR annotation. 
Figure 5. Characterization of TAG-11. 
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A. Genomic DNAs from F1 plants of a cross between TAG-11 and var2-5 were extracted 
and digested with Hindlll. The Southern blot was probed with BAR as in Figure 3A. All F1 
plants showed a var2-5 phenotype. 
B. Genomic DNAs from F2 plants derived from a cross of TAG-11 and var2-5 were 
extracted and digested with Hindlll. The Southern blot was probed with BAR as in Figure 
3A. Plants that had a TAG-11 phenotype are marked with arrows, and plants that had a 
var2-5 phenotype but that showed a 3:1 (var2-5: wild type) segregation in the F3 are marked 
with stars. 
C. Genomic DNAs from an independent TAG line (not a var2 modifier) were extracted and 
digested with Hindlll. The Southern blot was probed with BAR as in Figure 3A. 
Figure 6. Characterization of TAG-FN. 
A. Genomic DNAs from T2 TAG-FN plants were extracted and digested with Hindlll. The 
Southern blot was probed with BAR as in Figure 3A. Plants that showed a TAG-FN 
phenotype are marked with arrows and plants that had a var2-5 phenotype in the F2 but 
showed a 3:1 segregation (var2-5: wild type) in the F3 are marked with stars. 
B. Genomic DNAs from F1 plants of a cross between TAG-FN and var2-5 were extracted 
and digested with Hindlll. The Southern blot was probed with BAR as indicated in Figure 
3 A. All F1 plants had a var2-5 phenotype. 
C. Genomic DNAs from F2 plants of a cross between TAG-FN and var2-5 were extracted 
and digested with Hindlll. A Southern blot was probed with BAR as indicated in Figure 3A. 
Plants that had a TAG-FN phenotype are marked with arrows (No. 4, 10, 15). 
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Figure 7. Cloning of TAG-FN. 
A. The 6.5 kb fragment in Figure 6 was rescued and sequenced. Sequencing result starts with 
sequence inside pSKI015 LB and stops at Hindlll site (AAGCTT). Plant sequence is bold 
and underlined. Following the plant sequence is pSKI015 RB sequence. 
B. The location of the TAG-FN T-DNA insertion. TAG-FN is inserted in an intron region of 
At2g39140. Bar underneath the gene structure represents 500 bp. 
C. Expression of At2g39140 in TAG-FN. Total RNAs were isolated from wild type, var2-5 
and TAG-FN plants. Northern blotting was carried out using 32P-labeled full-length 
At2g39140 cDNA as probe (top panel). The Ethidium bromide-stained gel (bottom panel) 
shows rRNA bands and serves as a loading control. 
Figure 8. Identification of a Salk T-DNA insertional line of At2g39140. 
A. The location of the SalkO 13085 T-DNA insertion. The T-DNA is inserted in the first 
exon of At2g39140. The bar underneath the gene structure represents 500 bp. 
B. Confirmation of the insertion site. A PCR product using T-DNA LB and At2g39140 5' 
primers was sequenced. The T-DNA LB sequence is underlined. It is followed by an 
unknown 21 bp sequence and then by At2g39140 (bold). 
Figure 9. Complementation of TAG-FN. 
A. An At2g39140 cDNA under CaMV 35S promoter control was transformed into TAG-FN 
plants. The phenotypes of var2-5, TAG-FN and a TAG-FN plant transformed with 
At2g39140 cDNA are shown. The latter is a T2 generation plant. 
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B. Determination of At2g39140 transcript levels in a complemented line. A northern blot is 
shown where 32P labeled full-length At2g39140 cDNA serves as probe (top panel). 2jig total 
RNA was loaded for each lane. The Ethidium bromide-stained gel shows rRNA bands and 
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CHAPTER V. GENERAL CONCLUSIONS AND FUTURE RESEARCH 
Our lab is interested in studying variegation mutants in Arabidopsis (var2 and 
immutans in particular) as an approach to understand the complex interactions that occur 
between the nucleus and chloroplast (Mullet, 1988; Leon et ai, 1998; Rodermel, 2001). 
VAR2 was cloned by a former IPPM student (Meng Chen) and it encodes a chloroplast 
homologue of the E. coli FtsH metalloprotease (Chen et al, 2000). When I finished my third 
and last rotation and decided to pursue my Ph.D. research in Dr. Rodermel's lab in 2001, 
there were several immediate questions to be addressed. What is the activity of VAR2? What 
proteins does VAR2 interact with? And of course the mother of all questions, why is varl 
variegated ? 
The publication of the complete genome sequence of Arabidopsis in 2000 ushered in 
a new era and provided our generation of students a tremendous resource that has made some 
challenging tasks a couple decades ago seem routine now (The Arabidopsis Genome 
Initiative, 2000). One of the first papers I read painted a picture of the growing importance of 
chloroplast proteases in regulating plastid metabolism (Adam et al., 2001). Because of the 
lab's growing interest in var2 and FtsH, I sat down and researched the constantly updated 
databases in greater detail. I found that the original number of nine FtsH proteases was an 
underestimate, and I expanded this number to twelve. I also found that another chloroplast 
FtsH (later designated AtFtsH8) is highly similar to VAR2. Overexpression of AtFtsH8 in 
var2 marked the start of my research. More progress came from the technique of 2-D green 
gels, and I made several adjustments to the original protocol that made this a very reliable 
tool. The first of these was optimization of the second dimension gel, and with a new buffer 
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and gel system, I was able to increase the resolution of the gel. Secondly, I took advantage of 
MALDI-TOF to identify proteins. The green gels led to the identification of four FtsH 
proteins in the thylakoid membrane that exist as supramolecular complexes. Combining the 
overexpression studies and the 2-D green gel analyses, I further realized that redundancy 
exists within FtsH complexes, and that this can explain the mechanism of var2 variegation 
(Yu et al., 2004). I also found that there was a mutual dependency of two groups of FtsH 
proteins in the supramolecular complexes. A direct interaction between FtsH proteins was 
reported by another group (Sakamoto et al., 2003). 
To test the model of variegation, I performed several types of experiments. First, the 
model suggests that AtFtsHl and 5 (like AtFtsH2 and 8) might have redundant functions. To 
test this, I overexpressed AtFtsHl in varl, which is a mutant of AtFtsHS and is slightly 
variegated. The mutant could be rescued and green plants were recovered, supporting the 
hypothesis that AtFtsHl and 5 have redundant functions. An open question in the model was 
whether members of the 1/5 pair are redundant with members of the 2/8 pair. To test this, I 
overexpressed AtFtsH2 in varl, and found that AtFtsH cannot rescue the mutant. This is 
consistent with the idea that the members of the 1/5 and 2/8 pairs are not redundant with one 
another (Yu et al., 2005). 
The variegation model proposes a threshold theory to explain green sector formation. 
In this model, green sectors form with sub-wild-type levels of FtsH complexes. One 
experiment to address this issue is overexpression of AtFtsH8 in var2 under its own promoter 
(presumably much weaker than the 35S promoter I used in previous overexpression 
experiments). Preliminary results suggest that wild type FtsH complex levels are not 
necessary for the formation of green sectors. I am designing new experiments to examine the 
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correlation between FtsH complex amounts and the degree of variegation. These include 
overexpression of AtFtsH2 under the AtFtsHS promoter and also using even weaker 
promoters than AtFtsHS to fine-tune FtsH complex formation in a var2 background. 
The activation tagging approach was published as a large-scale screening tool in 2000 
(Weigel et al., 2000), though the concept was applied successfully earlier (Kakimoto, 1996). 
I became interested in it at the 2003 annual meeting of American Society of Plant Biologists 
held in Hawaii. That meeting really showed me the scale and advances of cutting-edge plant 
research. After the meeting, with the blessing of Dr. Rodermel, I started activation tagging of 
var2 and a brand new experience. In the past two years, I screened more than 10,000 
transgenic lines for variegation changes (putative suppressors of variegation). Based on my 
overexpression data with AtFtsHS, I knew that there was at least one gene that (in principle) 
could be recovered in an activation tagging screen. 
Several transgenic lines were recovered in my screen that showed a greener 
phenotype than var2 that acted in a dominant fashion. However, linkage studies showed that 
the greener phenotype didn't cosegregate with T-DNA in many of these lines. This is in 
agreement with the accepted fact that random mutations occur quite frequently during the 
Arabidopsis transformation process. TAG-1 discussed in Chapter IV represents the most 
promising dominant mutant so far. I also recovered two lines of loss-of-function modifiers, 
TAG-11 and TAG-FN. TAG-11 has a very complex T-DNA insertion pattern but what 
makes it worth pursuing is the fact that the pattern is quite common in activation lines. That 
said, TAG-FN represents the most promising loss-of-function line for study. Overall, it 
behaves as a typical T-DNA insertional mutant. I was able to complement the mutant with a 
wild type cDNA, suggesting that it is a true var2 suppressor. Now the task is to characterize 
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the mutant and determine the mechanism by which it modifies the var2 variegation. I 
provided two possible explanations for the suppression of variegation in TAG-FN in Chapter 
IV. Several lines of experiments are in progress to test these hypotheses. Based on 
information I have now and on our lab's previous report on var2 suppressors (Park and 
Rodermel, 2004), it seems that the second possibility is more reasonable at this point, but 
clearly more work needs to be carried out before I can have a better grasp of the mechanism 
of suppression. 
To summarize my dissertation research, I cannot resist using the economic terms of 
"Supply" and "Demand" as a maybe oversimplified way trying to explain variegation. In 
Chapters II and III, I demonstrated that in mutants where various FtsH genes are mutated and 
thus FtsH "supply" becomes limited inside chloroplasts, variegation will arise when FtsH 
complex levels fall below a proposed threshold, which is itself dynamic and fluctuating; 
variegation can be reversed by increased supply. In Chapter IV, I found that the suppression 
of variegation may be a result of changing "demand". The mutation of a pseudouridine 
synthase may mean fewer FtsH complexes are needed and thus variegation will not form, 
even in an FtsH mutant background. 
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